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Zusammenfassung:

Diese Doktorarbeit untersucht die experimentelle Anwendung stark wechselwirkender
Rydberg-Atome als Mittel zur Erzeugung und zur Kontrolle von Korrelationen in
Vielteilchensystemen. Eine neue Apparatur wurde gebaut, die die Erzielung hoher
atomarer Dichten mittels Dipolfallen mit der Rydberg-Atom-Detektion sowohl durch
Feldionisation als auch durch optische Untersuchung mittels elektromagnetisch in-
duzierter Transparenz kombiniert. In der ersten Studie wird die wechselwirkungsin-
duzierte Anregung (,Antiblockade*) von Rydberg-Atompaaren durch verstimmte
Laseranregung gezeigt. Dies ermoglicht das Maflschneidern rdumlicher Korrelationen
und die Kontrolle von Wechselwirkungen zwischen Rydberg-Atomen. Anschliefend
werden die Auswirkungen von Rydberg—Rydberg-Wechselwirkungen und Korrela-
tionen auf die spontane Evolution des Systems in ein ultrakaltes Plasma untersucht.
Dabei sollten die anfanglichen Korrelationen zwischen den Rydberg-Atomen erhal-
ten bleiben, was eine neue Moglichkeit zur Uberwindung des unordnungsinduzierten
Plasmaheizens und zur Realisierung neuartiger stark gekoppelter Plasmaregime bie-
ten konnte. Abschliefend wird die Riickwirkung von Rydberg—Rydberg-Wechsel-
wirkungen auf propagierende Lichtfelder untersucht. Dissipative Wechselwirkungen
zwischen Dunkelzustandspolaritonen haben ein stark nichtlineares optisches Verhal-
ten und eine nicht-Poissonsche Statistik zur Folge, die die Emergenz von Korrelation-
en in atomaren Feldern und in Lichtfeldern widerspiegeln. Die Kombination dieser
Experimente beleuchtet die Auswirkung von durch Rydberg-Wechselwirkungen her-
vorgerufenen Korrelationen auf verschiedenartige physikalische Systeme wie Atome,

Tonen und Photonen.



Abstract:

This thesis experimentally explores the application of strongly interacting states
of Rydberg atoms as means to introduce and control correlations in many-body
systems. A new apparatus has been built, which combines high atomic densities
possible using optical dipole traps with the ability to detect and probe Rydberg
atoms via both field ionization detection and electromagnetically induced trans-
parency. In the first study, the interaction induced excitation of Rydberg atom
pairs (‘antiblockade’) is demonstrated using detuned laser excitation. This provides
the possibility to engineer spatial correlations and to control interactions between
Rydberg atoms. We then investigate the effects of Rydberg—Rydberg interactions
and correlations on the spontaneous evolution of the system to an ultracold plasma.
The initial correlations between Rydberg atoms should be preserved, suggesting a
new route to overcome disorder-induced heating and to enter new strongly coupled
regimes. Finally the back-action of Rydberg-Rydberg interactions on propagating
light fields is explored. Dissipative interactions between dark-state polaritons give
rise to a strongly nonlinear optical response and sub-Poissonian statistics of po-
laritons which reflect the emergence of correlations in both the atomic and light
fields. Combined, these experiments help elucidate the effects of Rydberg induced

correlations on diverse physical systems involving atoms, ions and photons.
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Chapter 1

Introduction

Progress — not only in science — is intimately connected with the invention of new
techniques and their further development. The advent of laser cooling and trap-
ping [Ashkin, 1978; Raab et al., 1987], rewarded with the Nobel prize in physics
1997 [Chu, 1998; Cohen-Tannoudji, 1998; Phillips, 1998], not only marked the be-
ginning of a new era in atomic, molecular and optical physics but also in quantum
physics. The ability to produce and manipulate dilute atomic vapors with tempera-
tures just above the absolute zero point led to seminal discoveries in the past three
decades. Ultracold temperatures were necessary to create and explore quantum-
degenerate gases — new phases of matter — such as Bose-Einstein condensates [An-
derson et al., 1995; Davis et al., 1995; Bradley et al., 1995] and degenerate Fermi
gases [DeMarco and Jin, 1999], which are today routinely available in laborato-
ries around the world. The possibility to precisely control and tune interactions in
ultracold gases furthermore allowed the preparation and investigation of intriguing
many-body systems. Their complexity is characterized by the emergence of spatial
and temporal correlations that arise when inter-particle interactions dominate the
energy hierarchy [Bloch et al., 2008]. Major examples of such phenomena are the
superfluid to Mott-insulator quantum phase transition [Greiner et al., 2002] or the
fermionization of bosons in a Tonks-Girardeau gas [Kinoshita et al., 2004; Paredes
et al., 2004].

So far the research on ultracold gases primarily focused on short-range interac-
tions, but the extension to long-range interactions recently opened a new chapter
in the study of many-body physics. Atoms excited to highly-lying electronic states,
called Rydberg atoms, are ideal candidates to put this extension into effect, as they
offer long-ranged attractive and repulsive interactions whose strength and charac-

ter can be vastly tuned as a consequence of their huge polarizabilities. For neutral
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atoms Rydberg—Rydberg interactions possess the strongest inter-particle interaction,
exceeding typical interactions in cold gases by several orders of magnitude. In these
systems the laser excitation itself has the potential to create strongly correlated
many-body states. The hallmark of many-body Rydberg physics is an excitation
blockade, which due to the sizable interaction between Rydberg atoms inhibits the
simultaneous laser excitation of multiple atoms within a critical radius, referred to
as the blockade radius. The blockade effect and the concomitant exclusion volume
crucially determine the excitation dynamics of an ultracold Rydberg gas, since the
excitation is coherently shared amongst all atoms inside each blockade sphere, giving
rise to collective excitation effects [Dicke, 1954]. These have been observed exper-
imentally [Heidemann et al., 2007; Gaétan et al., 2009; Urban et al., 2009; Dudin
et al., 2012b; Maxwell et al., 2012], paving the way towards quantum computation
using ensembles of atoms [Lukin et al., 2001; Saffman et al., 2010]. Bulk properties
of Rydberg gases are likewise influenced by the blockade phenomenon as evidenced
by a strong suppression of excitation [Tong et al., 2004; Singer et al., 2004; Vogt
et al., 2006; Vogt et al., 2007] and sub-Poissonian counting statistics [Reinhard et al.,
2008b; Viteau et al., 2012; Hofmann et al., 2012].

The latter is accompanied by the emergence of strong correlations which have re-
ceived considerable attention in theoretical work [Robicheaux and Herndndez, 2005;
Stanojevic and Coté, 2010; Wiister et al., 2010; Pohl et al., 2010; Schachenmayer
et al., 2010; Ates and Lesanovsky, 2012; Breyel et al., 2012]. Only recently a mi-
croscopic analysis of Rydberg interacting gases has become possible, unveiling the
strongly correlated many-body states that emerge when atoms are resonantly ex-
cited to Rydberg states [Schwarzkopf et al., 2011; Schauf§ et al., 2012]. Using an
all-optical imaging technique Schaufl et al. could directly access spatial excitation
patterns of up to five Rydberg atoms which are observed to arrange in well defined
geometries imposed by the blockade radius but in random orientations [Schauf et al.,
2012]. A theoretical study recently predicted the dynamical formation of floating
Rydberg excitation crystals also for off-resonant laser driving, allowing an adjust-
ment of the lattice constants through the laser detuning [Gérttner et al., 2012].

This is related to the so-called antiblockade phenomenon introduced by Ates
et al., who predicted that far-detuned laser excitation can serve as a means to
overcome the excitation blockade and that atom pairs can selectively be excited at
distances smaller than the blockade radius [Ates et al., 2007a]. The experimental
demonstration of the antiblockade is given in the present work and it is shown that
by exploiting the blockade and antiblockade in a controlled way, spatial correlations

can be imposed on the excited atoms in an otherwise randomly arranged ultracold



gas [Amthor et al., 2010]. Specific pair distances can thus be preferred or suppressed,
which might be used in experiments requiring large numbers of atom pairs, e.g., as
an initialization or detection step in quantum gate experiments.

Despite the achievable control, Rydberg-Rydberg interactions and their asso-
ciated dynamics can have dramatic consequences on the stability of cold Ryd-
berg gases, since mechanical forces given by the gradient of the interaction po-
tential can lead to collisional ionization. These collisions occur on microsecond
timescales [Amthor et al., 2007b], which can cause the spontaneous evolution of a
Rydberg gas into an ultracold plasma [Li et al., 2004; Walz-Flannigan et al., 2004;
Morrison et al., 2008]. Neutral ultracold plasmas — gases of unbound charged par-
ticles — form a research field in their own [Killian, 2007] as they offer an ideal
laboratory setting to better understand exotic phases of matter such as dense as-
trophysical plasmas [Horn, 1991] or laser-induced plasmas [Remington et al., 1999].
Experimental and theoretical progress in their investigation is driven by the poten-
tial to reach the so-called strongly coupled regime, in which the Coulomb interaction
energy dominates the kinetic energy [Ichimaru, 1982; Killian et al., 2007], giving rise
to collective many-body effects [Fletcher et al., 2006; Castro et al., 2010; Twedt and
Rolston, 2012] and sizable spatial correlations between particles. Reaching deep
into the strongly coupled regime, however, has remained out of reach partially due
to so-called disorder-induced heating, in which the Coulomb interaction energy of
the initially randomly distributed particles is converted into kinetic energy [Murillo,
2001; Simien et al., 2004; Pohl et al., 2004a; Cummings et al., 2005]. One promising
approach to mitigate disorder-induced heating, is to form a plasma from a Rydberg
gas, as its constituents can be easily ionized and strong Rydberg—Rydberg interac-
tions naturally result in an initially spatially correlated state [Gericke and Murillo,
2003]. Such experiments were performed in the context of this thesis, in which it was
shown for the first time that a strongly blockaded, repulsively interacting Rydberg
gas can undergo a spontaneous avalanche ionization [Robert de Saint Vincent et al.,
2012]. The obtained results suggest that the initial correlations of the Rydberg en-
semble should be imprinted onto the ions and persist through the avalanche, thereby
potentially offering a new route to enter strongly coupled plasma regimes.

So far the discussion focused on Rydberg-Rydberg interaction effects on the
matter degrees of freedom. In conjunction with these long-ranged interactions is
a substantial back-action on the radiation field, which becomes evident when con-
sidering a full description of Rydberg atom-light interactions. Electromagnetically
induced transparency (EIT) is a paradigm for such atom-light interfaces and is based

on a quantum interference effect in which an otherwise absorbing medium is ren-
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dered transparent by an optical control field [Fleischhauer et al., 2005]. Occurring in
coherently driven three level systems, electromagnetically induced transparency has
recently been used in combination with Rydberg states as a novel nondestructive
Rydberg probing method [Mohapatra et al., 2007] and as a sensitive electrometry
technique [Kiibler et al., 2010; Tauschinsky et al., 2010; Hattermann et al., 2012;
Sedlacek et al., 2012]. Since the Rydberg state properties are directly mapped onto
the light field, Rydberg EIT therefore provides a powerful alternative to field ion-
ization detection. The combination of both techniques is put forward here and gives
access to both microscopic and macroscopic properties of the system.

Qualitatively new effects arise when electromagnetically induced transparency is
combined with Rydberg interactions, which has recently attracted significant atten-
tion in experimental work [Pritchard et al., 2010; Schempp et al., 2010] and theo-
retical studies [Moller et al., 2008; Ates et al., 2011; Sevingli et al., 2011a; Petrosyan
et al., 2011]. This is motivated by the appearance of a novel cooperative optical
nonlinearity which is induced by Rydberg-Rydberg interactions and observed as a
back-action on the probe field. The nonlinearity can be understood by the fact that
the atoms in each blockade volume are in a coherent superposition in which only
one atom can be excited to the Rydberg state and thereby contribute to the trans-
parency, while the remaining atoms act as two-level atoms which couple resonantly
to the probe field, leading to a suppression of transmission [Pritchard et al., 2010].
The dynamic range of this optical nonlinearity is studied in the work presented here
and it is shown that by increasing the number of atoms inside the blockade volume,
the light transmission can be suppressed almost completely up to a regime in which
only a few photons can freely propagate through the medium [Hofmann et al., 2012].

In stark contrast to conventional optical materials, the Rydberg interaction-
induced optical nonlinearity remains strong at the few-photon level giving rise to
peculiar effects: when a light pulse — composed of individual photons — enters
a Rydberg EIT medium, photonic excitations are temporarily transferred to Ryd-
berg excitations through the formation of quasi-particles, called dark-state polari-
tons [Fleischhauer and Lukin, 2000]. These quasi-particles simultaneously possess
properties of both photonic and atomic degrees of freedom which can be interchanged
in a fully coherent and reversible process, as demonstrated in the present work in
which the dynamics of individual dark-state polaritons is studied. This is possible
through single-atom sensitive detection of the Rydberg population which gives di-
rect access to the matter part of the polariton wavefunction inside the atomic cloud.
In this case long-range interactions between Rydberg atoms give rise to an effective

interaction blockade for dark-state polaritons, which is observed as a transition from



Poissonian to sub-Poissonian statistics for the polariton number, indicating the emer-
gence of spatial and temporal correlations between dark-state polaritons [Hofmann
et al., 2012]. Amongst other recent results [Dudin and Kuzmich, 2012; Peyronel
et al., 2012; Maxwell et al., 2012], these measurements mark first steps towards a
promising and new research area of nonlinear Rydberg quantum optics, since the
aforementioned quantum nonlinearity can also be viewed as photon blockade mech-
anism [Pritchard et al., 2012]. This might open a promising avenue for realizing
many-body phenomena with strongly interacting photons [Chang et al., 2008; Sev-
ingli et al., 2011b; Nikoghosyan et al., 2012]. Other applications could go towards
photonic quantum information processing [Lukin et al., 2001; Friedler et al., 2005;
Gorshkov et al., 2011; Shahmoon et al., 2011].

Even though the wide range of phenomena connected with ultracold Rydberg
atoms detailed above is not complete, it nonetheless highlights the richness of these
systems. This thesis studies the application of strongly interacting states of Rydberg
atoms as a means to introduce and control correlations in diverse systems including
atoms, ions and photons.

The second chapter of this work gives a brief introduction to ultracold Rydberg
gases and forms its basis connecting the most important properties and their conse-
quences to the performed research. Chapter 3 describes a new experimental setup
for the investigation of dense ultracold Rydberg gases which was designed and built
within the framework of this thesis. It combines high atomic and optical densities
with excellent control over electric fields as well as precise Rydberg atom detection.
The fourth chapter discusses the experimental evidence of antiblockade in a dilute
Rydberg gas and primarily focuses on two-body interaction effects that are used to
directly manipulate the Rydberg pair distribution through the excitation of close
neighboring pairs. When preforming experiments in dense atomic gases, the spon-
taneous avalanche ionization of a strongly blockaded Rydberg gas was discovered
and physical processes that have relevance for the close-by research field of ultracold
plasmas were investigated, which are described in Ch. 5. A very recent research
topic is tackled in Ch. 6 in which both light and matter aspects of strongly interact-
ing Rydberg dark-state polaritons in dense atomic gases are analyzed and compared
to a state-of-the-art theoretical approach for the coupled atom-light system. The
findings reveal that a rigorous many-body treatment of this problem, including the
effects of the quantized electromagnetic field is still lacking. Finally, the last chap-
ter summarizes the important results of this work and gives an outlook on future
directions for this research, such as the direct observation of quantum correlations

and the realization of new forms of quantum matter.






Chapter 2

Strongly interacting ultracold

Rydberg gases

The exploration of Rydberg atoms is a self-contained research field of atomic physics
which has been pursued for more than a century (for reviews see [Gallagher, 2008;
Stebbings and Dunning, 2011]). The advent of laser-cooling has revived the interest
in Rydberg atoms and has dramatically extended their context of investigation,
leading to new developments which are summarized in recent monographs [Choi
et al., 2006; Gallagher and Pillet, 2008; Saffman et al., 2010; Comparat and Pillet,
2010]. For this reason, only a brief overview of ultracold Rydberg gases is given
here, which highlights the properties most relevant for this thesis. This introductory
chapter starts with the basic properties of Rydberg atoms that can be explained with
simple scaling laws. Sec. 2.2 discusses Rydberg—Rydberg atom interactions which
due to their strong and long-range character lead to a diversity of intriguing many-
body phenomena, which is studied in this thesis. Afterwards Rydberg atom-light
interactions are detailed in Sec. 2.3, revealing that these interactions can cause a
significant back-action onto the driving laser fields, which broadens the range of

applications of Rydberg atoms to new areas such as nonlinear and quantum optics.

2.1 Alkali Rydberg atoms

Highly excited atoms have been studied since the 19*" century. In 1885 Johann J.
Balmer discovered converging line series in an atomic hydrogen spectrum which are
now known as Balmer Series [Balmer, 1885]. Later Johannes Rydberg, generalized

Balmer’s discovery to many other chemical elements by giving the following formula
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for the wavenumbers of the observed series [Rydberg, 1890]

sv =ty () 2.1)

m2  n2

where m and n are integer numbers and Ry is today known as the Rydberg constant.
Niels Bohr identified theses integer numbers as principal quantum numbers n [Bohr,
1913] and linked the Rydberg constant to fundamental constants as

Z2e*m,

Ry:2(

_— 2.2
dregh)? (22)

with Z the proton number, e the electron charge, m, the electron mass, ¢, the
vacuum permittivity, and h the Planck constant.

Electronically excited alkali atoms have much in common with the simple hydro-
gen atom. Their single valence electron can be excited to a high-lying state — called
Rydberg state — while the closed electron shells shield the core charge, giving rise to
a net core charge of Z = 1. However for low orbital angular momentum states ¢ < 3,
the electrons can penetrate the finite size core and are thus exposed to core charges
of Z > 1. This gives rise to a deviation of the core potential from a pure Coulombic
potential at short range and lifts the /-degeneracy known from the Hydrogen atom.

The resulting increased binding energy W is

Ry Ry

W:—W:—m, (2.3)
which is parametrized by the effective quantum number n*, that is henceforth
used throughout this thesis. Ry is the Rydberg constant which for Rubidium
Ry™ = 109736.605cm ™! [Gallagher, 2008]. The quantum defect §, — described
by the empirical Rydberg-Ritz formula [Jastrow, 1948] — gives rise to a rich in-
ternal structure of alkali Rydberg atoms. |S) states have for instance the largest
quantum defects (§ &~ 3 for Rb") since they have the strongest core penetration.
The quantum defect decreases for larger angular momentum states and results in
energetically isolates |S), |P) and |D) states, which are easily accessible in laser
excitation. For ¢ > 3 the quantum defect becomes negligible such that the core po-
tential appears purely Coulombic giving rise to ‘hydrogen-like’ states, i.e. angular

momentum states that are degenerate in the principal quantum number.
Although replaced by modern quantum mechanics, the Bohr model still gives

quick access to the scalings of many characteristic properties of Rydberg atoms that

‘The corresponding values for Rubidium have lately been determined accurately by [Li et al.,
2003; Han et al., 2006].
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Table 2.1: Some properties of Rydberg atoms and scalings with the effective principal
quantum number n* = n — d,. Adapted from [Gallagher, 2008].

Quantity n* dependence
Electron binding energy W n* 2
Energy difference A between adjacent n-states n*—3
Tonizing field £(°) n*—4
Orbital radius r n*?2
Geometrical cross-section oge, n*4
Dipole moment p = (nS|er|nP) n*2
Radiative lifetime 7 n*3

*7

Polarizability o n

depend upon the effective principal quantum number n* = n — §, (see Table 2.1).
The fact that most properties scale with high powers of n* explains the exaggerated
features of Rydberg atoms which gives rise to interesting experimental consequences,

which are discussed in this chapter.

Examples of simple scaling laws include the electron binding energy W which is
proportional to n* 2 (see (2.1)) and the (classical) electric ionization field £ which
scales with n* =%, The quadratic n*-scaling of the orbital radius r gives rise to large

geometrical cross-sections oge, o< n*4,

Combined with the weak binding energies,
this turns Rydberg atoms into very fragile objects that easily undergo collisional
ionization [Percival and Richards, 1975; Olson, 1979; Barbier and Cheret, 1987], as
will be discussed later.

The scaling laws also find their application in the prediction of dipole transitions
strengths between atomic states. They occur due to coupling with the electric dipole
moment p = er of the valence electron. The according coupling strength between
states |nfmy) and |n’¢'mj) is given by the dipole matrix element (nfmy|u|n’¢'m;)
which is the overlap integral between the Rydberg state wavefunctions and the
electric dipole moment. One can show that the scaling of the |nS) <+ |nP) transition
matrix elements can be approximated by n*2? [Amthor, 2008]. As we will see in
Sec. 2.2 this leads to very pronounced Rydberg-Rydberg interactions which give
rise to a multitude of intriguing phenomena in Rydberg gases. Note that the matrix
elements between neighboring Rydberg states are many orders of magnitude larger
than the matrix elements to low-lying states. Their values scale as C;n* ~3/2 with
(-dependent transition strengths. For Rubidium Cg = \/1_/3 -4.508 eag and C'p =
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\/2/5 - 8.475 eay, where aq is the Bohr radius [Deiglmayr et al., 2006].

From the knowledge of the dipole matrix elements, it is possible to deduce the ra-
diative lifetimes 7 of the Rydberg states which in first order scale as n* =3 [Gounand,
1979] and therefore range from several us even up to ms, allowing comparatively
long observation as well as interrogation times for experiments with Rydberg atoms.
More involved, state dependent calculations of the effective lifetimes of different al-
kali atoms — accounting for blackbody radiation — can be found in [Beterov et al.,
2007; Beterov et al., 2009a].

Finally the scaling law of the polarizability a can easily be derived since « is the
sum of squares of the dipole matrix elements to neighboring states, divided by the
energy difference of these states. The dipole matrix elements of neighboring levels
scale like the orbital radius as n*2. From (2.1) it follows, that the binding energy

*~2 resulting in a n* ~3 scaling of the energy difference A between adjacent

scales as n
n. The total scaling law for the polarizability is thus: « oc (n*?)?/n*™% = n*7
which is in good agreement with an empirical scaling fitted to experimental data
in [O’Sullivan and Stoicheff, 1985; O’Sullivan and Stoicheff, 1986].

One remarkable consequence of this scaling is the large susceptibility of Rydberg
atoms to external electric fields &, as for angular momentum states with ¢ < 3 the
Stark effect scales with AU = 1/2a&?. This turns Rydberg atoms into sensitive
probes for electrometry applications [Osterwalder and Merkt, 1999; Tauschinsky
et al., 2010; Hattermann et al., 2012]. The pronounced electric field sensitivity is
not only a feature, but also implies experimental challenges making excellent electric
field control a prime requirement for experiments with ultracold Rydberg atoms. For
this reason a special electrode structure was designed within the framework of this
thesis (see Sec. 3.6).

2.2 Rydberg—Rydberg atom interactions

An important theme in this thesis is the effect of strong Rydberg—Rydberg interac-
tions on many-body system. Section 2.2.1 reveals that Rydberg interactions can be
controlled in strength, sign and spatial dependence through the choice of state. On
the one hand, for attractive interactions, this leads to ionizing collisions which are
detailed in Sec. 2.2.2. On the other hand, given repulsive interactions, this results in
an excitation blockade, which is the hallmark of strong Rydberg—Rydberg interac-
tions and gives rise to a multiplicity of many-body effects. The blockade inhibits the

simultaneous laser excitation of two atoms within a given distance due to the strong
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interaction between Rydberg atoms (Sec. 2.2.3). Associated with this is an exclusion
volume (the blockade sphere) which critically determines the excitation dynamics of
an ultracold Rydberg gas, giving rise to two phenomena which are central in this
thesis: The considerable suppression of excitation discussed in Sec. 2.2.4 and the

appearance of sub-Poissonian counting statistics detailed in Sec. 2.2.5.

2.2.1 Long-range interactions

Due to their large polarizability, Rydberg atoms exhibit strong dipole-dipole and van
der Waals interactions over large distances. These interactions can be understood
intuitively by considering two (classical) dipoles with dipole moments p, and p,.

Their interaction energy in atomic units is given by

IR[? IR[” ’

Usa(R) = My - Heo (11 -R) (py - R) (2.4)

where R is the distance vector that connects the two dipoles. The second term on
the right hand side in (2.4) accounts for the angular dependence of the interaction
energy and is dropped for the following discussion®. In the quantum mechanical
description the dipoles are represented by dipole operators with matrix elements

= (p|er|¢’) as discussed previously. For two atoms in the internal states |¢1) and

so’l,so’2> :

(2.5)

where — in principle — one has to sum over all internal states of the atoms. For

|2) the Dipole interaction Uy, is then expressed as

1 P
Usa(B) s = D~ (il o) (ool malidh) = D (on, 0| 552

R
lo1)slp2) le1,2)

simplicity, we restrict the discussion only to adjacent angular momentum states e.g.
|P), |S), and | P’) as the dipole matrix elements between these states are the largest.

In the last step of (2.5), we changed from the atomic basis to the pair state basis
in order to deduce the dipole-dipole-induced energy shift. The initial pair state |SS)
is coupled by Ugq(R) = (111 p12)/ R? to the state | PP’), which is offset by the Forster
defect A = Ujpy + Ujpyy — 2Ujsy (see Fig. 2.1). In the pair basis {|95),|PF’)}, the
complete Hamiltonian H = H, + Hiy describing the atomic system H, and the

off-diagonal interaction part H;, can then be written as:

B 0 Uw(R)
H—<%Ma N ). (2.6)

“This approximation is valid for S-states since they interact isotropically [Walker and Saffman,
2008].



12

CHAPTER 2. STRONGLY INTERACTING ULTRACOLD RYDBERG GASES

atomic states pair states
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H1 1
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Figure 2.1: Origin of strong Rydberg—Rydberg interactions. The dipole matrix
elements p; and po couple between the Rydberg states |S) < |P) and |S) < |P'),
respectively. In the pair state basis, the states |S'S) and | PP’) only reveal a small energy
defect A and are thus almost degenerate. The small A is responsible for the strong and
long-range Rydberg—Rydberg interactions.

The according eigenenergies of the system are derived to be

U= \/ (%)2 L U2(R). 2.7)

We notice that the pair energy is dependent on the inter-atomic separation R, which

gives rise to two regimes: At large inter-atomic separations the interaction is negli-
gible (Ugq(R) < A) whereas it is dominating at short distance (Ugq(R) > A), re-
sulting in interesting consequences on the interaction characteristics [Amthor et al.,
2009]:

(i) van der Waals interactions — At long range (Uga(R) < A) a Taylor

expansion of (2.7) gives

_ A (A UL(R)
%——gi(§+ ) (2.8)

such that the energy shift of the |SS) state is given by a second order effect

in perturbation theory

 ULR)  (mpe)? /A —Cs
I ) (2.9)

This is the well-known van der Waals interaction energy, which has a very

sensitive dependence upon the principal quantum number, because p o< n*2

and A oc n* 73 such that one arrives at a scaling of the interaction coefficient

*11

of Cs o< n***. Simply doubling n* will thus increase the interaction strength
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by more than three orders of magnitude! Furthermore one can show that
many-body interactions in the van der Waals regime are dominated by nearest
neighbor interactions, which allows a two-body treatment of the many-body
system [Amthor, 2008].

(ii) Resonant dipole—dipole interactions — When the energy difference A
becomes negligible (A — 0), the system exhibits a pair state resonance, and
(2.7) reduces to

My f2 Cs

I iﬁ .

The interaction energy now depends on the distance as 1/R~ and the asso-

U=+

(2.10)

ciated dipole coefficient scales as C5 o< n*#, leading to the strongest possible
interaction energies between two non-overlapping Rydberg atoms®. Due to
the R~3 scaling it is necessary to consider the complete many-body system.
An in-depth discussion of the relative interaction contribution of surrounding

atoms in the dipolar and van deer Waals regime is given in [Amthor, 2008].

The crossover between the van der Waals and the dipole interaction regime takes
place when Uaq(R) ~ A, which is equivalent to the crossover radius R = W o
n*7/3 [Walker and Saffman, 2008].

Note that in most atomic systems one has only little influence on the pair state
detuning A. However as a consequence of the anomalously large polarizabilities of
Rydberg atoms, the Stark effect offers a simple means to tune sign and magnitude of
the energy defect by applying only moderate electric fields. For some combinations
of Rydberg states, even the case A = 0 — a so-called Forster resonance — can be
realized, leading to resonant dipole—-dipole interactions for all R [Gallagher et al.,
1982; Vogt et al., 2006; Ryabtsev et al., 2007].

The sign and strength of the interactions are dominated by the pair states with
the smallest energy defect A. For the |nSl /2> states of alkali atoms these are the
’nPg /2> and |(n —1)Ps /2> states and it turns out that the according Cg coefficients
are negative for all n, leading to repulsive interactions. ‘an, /2> states have smaller
energy defects and hence exhibit stronger interactions than |S) states with the same
n. For |D5 /2> states of Rubidium there is a sign change of the Cy coefficient from
negative to positive, such that interactions for n > 43 are predominantly attrac-

tive [Reinhard et al., 2007]. |nD3 /2> states of Rb show purely attractive interactions

“This approximation is only valid down to the LeRoy-radius below which the exchange interac-

tion of the electrons cannot be neglected anymore [Boisseau et al., 2002].
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Figure 2.2: Comparison between different types of two-body interactions. The
weakest interactions are experienced between ground state atoms and are of van der
Waals (vdW) character (purple line). Atoms with magnetic dipole moments have
considerable interactions and interact via dipole—dipole (d—d) interactions (blue line),
which are orders of magnitude weaker than Rydberg—Rydberg interactions (here in state
|100.S),red line). At short range they are of d—d character and at long distances of
vdW character. Only the Coulomb interaction between ions is stronger and of longer
range (brown line). This figure is taken from [Saffman et al., 2010] and replotted with
permission of M. Saffman.

for n > 59 [Maucher et al., 2011]. A good overview of calculated dispersion C' co-
efficients of alkali atoms can be found in [Singer et al., 2005; Reinhard et al., 2007;
Walker and Saffman, 2008].

Figure 2.2 illustrates the magnitude of Rydberg-Rydberg interactions by com-
paring their distance dependent two-particle interaction strengths to various other
interaction types. On the envisaged energy scale ground state atoms exhibit com-
paratively weak van der Waals interactions (R~%). The range and strength of in-
teracting ground state atoms could recently be extended by trapping species with
dominating magnetic dipolar interactions (R™3). This is realized with species like
Chromium (6 g, [Griesmaier et al., 2005]) or lanthanides such as Erbium (7 up,
[Aikawa et al., 2012]) and Dysprosium (10 pp, [Lu et al., 2011]), that offer some of
the largest magnetic dipole moments. These interactions are however still small as
compared to Rydberg atom interactions shown in Fig. 2.2 for [100 S) Rydberg states.
At short distances they are of very strong resonant dipole-dipole character (R™3)
and of van der Waals character (R~%) at long range. The mentioned crossover length

is in this case close to R = 9.5um, and at this length scale the ratio of the Rydberg
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interaction to the ground state interaction is approximately 10'? [Saffman et al.,
2010]! Under certain conditions, as detailed in Ch. 5, Rydberg atoms will undergo a
transition to ionic gases, featuring the strongest possible inter-particle interactions
scaling with R™!. Figure 2.2 moreover reveals two important consequences for the

physics of Rydberg gases:

(i) Interaction tuning by changing the atomic density — So far we only
considered the principal quantum number n as means to change the interaction
energy between Rydberg atoms. However since the inter-atomic separation R

1/3

scales with the atomic density as n™"/°, we identify the density as another

key parameter to tune Rydberg—Rydberg interactions. For van der Waals

2 Tt is in fact much

interactions we find the interaction energy to scale as n
easier to change the atomic density within subsequent experimental runs than
the principal quantum number and Sec. 3.5.3 explains how we are able to vary
the atomic density by almost four orders of magnitude with our experimental

apparatus.

(ii) Ultracold Rydberg gases are interaction dominated gases — In a gas
with atomic density n the van der Waals interaction per particle is given by
Cgn?. For a typical density of n = 102 cm™ (mean distance ~ n~/3 = 1 ym)
and Cg ~ —h x 50 GHz ym® (for Rubidium atoms in the |55.5) state), the
pairwise interaction energy reaches U ~ h x 50 GHz. This has to be compared
with the kinetic energy E};, of the particles which is of the order of a few tens
of kHz in an ultracold gas at uK temperatures. We thus find that ultracold
Rydberg gases are entirely dominated by the Rydberg—Rydberg interactions
(U/Egin > 1), which in turn give rise to many-body effects.

2.2.2 Collisional ionization

Considerable mechanical forces given by the gradient of the interaction potentials
are a direct consequence of long-range Rydberg—Rydberg interactions. Knuffman et
al. showed that these forces lead to an acceleration of Rydberg atoms within a cold
atomic gas [Knuffman and Raithel, 2006]. The attractive van der Waals interaction
accelerates two nearest neighbor atoms towards each other, leading to collisions on
microsecond time scales [Amthor et al., 2007b]. Due to their considerable collisional
cross-sections which are proportional to the geometrical cross-section e, o n** this
immediately leads to rapid ionizing collisions [Olson, 1979; Vitrant et al., 1982]. The

associated mechanism is called Penning ionization and characterized by the binary
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process:
Ryd(n) + Ryd(n) — Ryd(n’)+ion+e", (2.11)

where n and n’ label the initial and final principal quantum number, respectively.
The n’ < n are distributed over a range of principal quantum numbers with a max-
imum at n’ . = n/v/2 being imposed by energy conservation [Robicheaux, 2005].
Relying on binary collisions between attractively interacting Rydberg atoms, Pen-
ning ionization provides an ideal means to map out Rydberg pair distributions since
the nearest neighbor distance is unambiguously encoded in the collision time. We
will use this sensitive technique in Ch. 4 in order to gain spatial information circum-
venting the need for a spatially resolved measurement.

In a sufficiently dense many-body system Penning ionization can even trigger an
ionization avalanche as electrons get trapped by the attractive potential of the iner-
tial ions [Robinson et al., 2000; Walz-Flannigan et al., 2004; Li et al., 2004; Li et al.,
2005]. This ultimately leads to an intriguing phenomenon, the formation of an ultra-
cold plasma [Killian, 2007]. Interestingly, we found that under certain conditions
also repulsively interacting Rydberg atoms can undergo this plasma transition as
will be shown in Ch. 5. The seed ionization process is in this case partly attributed
to ionizing collisions with atoms in the ground and intermediate states [Barbier and
Cheret, 1987; Kumar et al., 1999], which lead to a gradual increase in the number

of charged particles in the system and to a density dependent ionization onset time.

2.2.3 Excitation blockade

Probably the most prominent consequence of the pronounced Rydberg—Rydberg
interaction is an excitation blockade, which is the inhibition of multiple Rydberg
excitations within a mesoscopic ensemble of atoms. In a seminal proposal Lukin et
al., suggested to use this effect for quantum information processing in mesoscopic
atomic ensembles [Lukin et al., 2001]. Fueled by the first experimental evidence of
the excitation blockade [Singer et al., 2004; Tong et al., 2004] many experimental
and theoretical studies of this effect have been put forward which are reviewed
in [Comparat and Pillet, 2010].

The basic idea of the excitation blockade mechanism is illustrated in Fig. 2.3 (a)
and can be understood in a pair picture, in which each Rydberg atom is considered as
a two level atom with ground state |g) and Rydberg state |r). A laser with coupling
strength €2 drives the transition |g) — |r). The energies of the pair states |gg) and
|gr) remain almost unshifted because of the small polarizability of the ground state

atom (compare Fig. 2.2). However, due to the strong Rydberg-Rydberg interaction,
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the transition |gr) — |rr) depends sensitively on the inter-particle distance R. The
radius Ry below which the doubly excited state is suppressed is called blockade
radius and introduces a natural length scale to the system. It is defined as the
distance between two atoms at which the Rydberg interaction energy equals the
excitation bandwidth €:

Cen? = % = hQ (2.12a)
& Ry=A % oc n* /6 (2.12b)

The fact that the Rydberg-Rydberg interaction is orders of magnitude stronger
than the Rabi coupling of the Rydberg atoms typically results in um-sized blockade
radii. For instance the ‘55 S /2> state interaction with a Cs = —h x 50 GHz ,umﬁ and
) = 1 MHz would yield a blockade radius of Ry, ~ 6 ym. This would correspond to
a critical Rydberg density n, oc R;,> ~ 4.5 x 10 cm™3, which has to be compared
to typical ground state densities n in ultracold gases, which can be tuned from 10°
to 10 em™ (see Sec. 3.5). Dependent on the ground state density the Rydberg
excitation can be strongly blockaded and only one atom out of approximately n/n,
atoms is excited to a Rydberg state as illustrated in Fig. 2.3 (b).

The excitation blockade is also reflected in the Rydberg pair correlation function
g®(R) as shown in a simplified picture in Fig. 2.3 (c). The Rydberg pair correlation
function is defined as the probability that two atoms separated by a distance R are
both excited to Rydberg states, divided by the square of the probability that an
individual atom is excited [Bellac et al., 2004]. The blockade effect imposes a char-
acteristic correlation length scale given by the blockade radius, such that ¢®(R) is
essentially zero for small separations < Ry, and is approaching one at long range,
(where the atoms are uncorrelated,) resembling a gas of hard sphere particles. Note,
that only a very simplified picture of these correlations was given here. More so-
phisticated theoretical treatments obtain qualitatively similar correlation functions,
suggesting indeed that a gas composed of Rydberg atoms can in first approxima-
tion be treated as a gas of hard spheres (see next section), whose mutual exclusion
impose strong correlations on the gas [Robicheaux and Herndndez, 2005; Stanojevic
and Coté, 2010; Ates and Lesanovsky, 2012]. Very recently ¢®)(R) could be mapped

out experimentally using an all-optical detection technique [SchauB et al., 2012].

2.2.4 A classical hard sphere model

For macroscopic samples subjected to strong local Rydberg interactions, it is often

instructive to use the concept of a ‘blockade sphere’ defining an exclusion volume
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Figure 2.3: lllustration of the excitation blockade mechanism. (a) Pair state
energies as a function of inter-atomic separation R. The pair state |rr) is subjected
to strong Rydberg—Rydberg interactions and is thus only resonant with the excitation
bandwidth Q within a window of inter-atomic separations. (b) For resonant excitation
the blockade radius Ry, defines a ‘blockade sphere’ (dashed circle) in which the excitation
blockade only allows for one Rydberg excitation. The associated excitation suppression
can be described by packing of hard spheres of radius Ry, /2 (solid circles). (c) The pair
correlation function g(®(R) is another representation of the excitation blockade. (d)
Fractional available volume V' as a function of the packing fraction 7. The solid line
shows V for the random sequential addition of hard spheres which is used to describe

the Rydberg excitation suppression in Sec. 2.2.4.
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around each excited atom, as illustrated in Fig. 2.3 (b). Using classical hard-objects
models and thereby considering the excitation volume as an arrangement of densely
packed hard spheres quickly yields a qualitative understanding of a number of phe-
nomena observed in dense Rydberg gases. Assuming the Rydberg density n, and
the ground state ngy, the classical Rydberg excitation dynamics can for instance be

described by a simple rate equation
n, = AVn, — Bn,, (2.13)

where A and B are the excitation and de-excitation rate, respectively. For a two
level system with negligible loss A = B. To account for the excitation blockade, A
is multiplied by the fractional available volume V, which is accessible to the center
of a subsequently placed blockade sphere with volume V4, = 4/3 7 R|. For an empty
excitation volume V = 1, whereas ¥V — 0 for a densely packed arrangement of hard
spheres. A first simple approximation, is given by assuming that each Rydberg atom
excludes a volume V4, such that V = (1 — n, V). Furthermore ny, = n — n,, with

the total density n. Solving for the steady state of (2.13) one obtains

Vi Vi
nrvbl:1+"2bl— 14 <n2“>, (2.14)

which has two interesting limiting cases:

(i) At low densities n — 0, we find n,, = n/2, such that the Rydberg atom number

increases linearly with the atomic density.

(i) Taylor expanding (2.14) for the high density limit (n > n,.), leads to n, Vi, =
1—1/(n V&), revealing a ‘saturation’ Rydberg density n, ois = Vi;'. As demon-
strated shortly this gives rise to a dramatic suppression of excitation, which
is a distinguishing manifestation of the excitation blockade and leads to low

Rydberg densities.

In Fig. 2.3 (b) we see that each blockade sphere is associated with an exclusion
sphere of radius Ry, (depicted by the dashed circle), which cannot be occupied by
the center of another sphere. Equivalently the configuration can be described by
hard spheres with radius Ry/2 (drawn as filled circle). We use the dimensionless
packing fraction 17 — the volume fraction that is occupied by spheres — to quantify
the packing. For the case described above n = n, Vs = 1/8n,.V4,; which approaches
1/8 for n, — n, it as indicated by the dashed line in Fig. 2.3 (d).
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A better description of a gas of hard spheres can be obtained by considering
the random sequential addition of hard spheres, which is a fundamental model for
the irreversible filling of a volume with impenetrable particles [Talbot et al., 1991].
This concept has for instance been used to model ion implantation in semiconduc-
tors [Roman and Majlis, 1983] or to describe liquids, granular materials, powders or
colloid systems [Parisi and Zamponi, 2010]. The random sequential addition process

is described by an ‘inclusion—exclusion’ relation of the fractional available volume
V=1-Vi+Vo—Vs+ -, (2.15)

whereof V ~ 1 -V, = (1 —n, V};) was previously treated as simplest approximation
for the excitation dynamics of a Rydberg gas. Using a virial-like expansion for
the fractional available volume for the random sequential addition of hard spheres,
Talbot et al. pointed out that

(2.16)

8n — 9n? + 33
V(n):eXp{—?7 d n},

(1—n)
which corresponds to the well known Carnahan-Starling expression for hard spheres
[Carnahan and Starling, 1969]. The fractional available volume described by (2.16)
is shown as solid line in Fig. 2.3 (d). We see that this treatment yields n > 1/8 and
consequently predicts achievable Rydberg densities n, slightly larger than Vle. A
series expansion of (2.16) in lowest order of 1 yields V = 1—8n, which was mentioned
above and is shown as dashed line in Fig. 2.3 (d).

Figure 2.4 shows a typical measurement of the excitation suppression of |55.5)
Rydberg atoms as a function of atomic density. The two measurements in Fig. 2.4
were done after different expansion times of the gas and their difference reflects the
influence of the excitation volume size. The squares (200 us expansion time) were
obtained for in ellipsoidal excitation volume with Gaussian widths o, ~ 40 pm,
oy ~ 27 um, o, ~ 27 pm, whereas the circles (50 us expansion time) were obtained
for a volume defined by o, ~ 40pum, o, ~ 16 um, o, ~ 16 um. The Rydberg
atom number is corrected by an anticipated detection efficiency of 40% and is in
good agreement with the stationary solution of the rate equation model (2.13),
using (2.16) and a blockade radius of Ry = 5 pm (solid lines). To fit the data only
the absolute Rydberg atom number has been used as free parameter. The ratio
between the fit parameter of each dataset is ~ 2.7 which is in good agreement with
the ration between the two excitation volumes ~ 2.8. The dashed line indicates
the anticipated Rydberg atom number (200 us expansion time) for the neglect of

interactions.
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Figure 2.4: Measurement of interaction-induced Rydberg excitation suppression.
The plot shows the |55 .S) Rydberg atom number (scaled by the 40% detection efficiency)
as a function of the atomic density in the excitation volume. It compares two sets
of experiments done for different time-of-flights (squares = 200 us; circles = 50 us).
The solid lines are fits to the data using the stationary solution of the rate equation
model (2.13) using (2.16). The dashed line indicates the Rydberg atom number for the

neglect of interactions.

The formalism developed here will be used in Ch. 5 to describe the excitation
dynamics of a strongly blockaded Rydberg gas prior to its spontaneous avalanche

ionization.

2.2.5 Rydberg excitation number statistics

The blockade sphere picture developed in the last section suggested that for high
densities the number of Rydberg excitations in the gas is determined by the num-
ber of spheres that fit into the excitation volume. In the dense packing limit, the
number of Rydberg excitations is fixed and therefore only subjected to minor fluc-
tuations between consecutive experimental runs. This can be seen in the transition
from a weakly interacting to a strongly blockaded regime, which is accompanied
by a fundamental change in the number distributions of Rydberg excitations from
Poissonian to sub-Poissonian character [Cubel Liebisch et al., 2005]. This crossover
can be quantified by the Mandel ) parameter [Mandel, 1979]

(NZ) — (NV,)?

AN 1, (2.17)

Q=

where N, denotes the number of detected Rydberg atoms. Values of ) > 0 cor-

respond to super-Poissonian, () = 0 to Poissonian and ) < 0 to sub-Poissonian
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distributions. The latter are evidenced by a characteristic narrowing of the Rydberg
excitation number distribution. The extreme, a number- or Fock-state with @) = —1
is characterized by the absence of fluctuations. The degree of sub-Poissonian char-
acter is thus a measure for the blockade effectiveness.

The Mandel Q) parameter can also be related to the spatial correlation function
9 (R) by

Q=4rn n/ (% d?(R) - 1) R%*R, (2.18)

with N being the total atom number in the excitation volume™ [Wiister et al.,
2010]. Even though (2.18) is only valid for homogeneous densities and isotropic
interactions, it nonetheless underlines the fact that sub-Poissonian counting statis-
tics are intimately connected with the emergence of spatial correlations, reflected
by g®(R). Based on similar arguments Breyel et al. recently developed a statisti-
cal method of detecting ‘Rydberg crystallization’ [Breyel et al., 2012] as discussed
in [Gérttner et al., 2012; Ates and Lesanovsky, 2012].

Prior to this thesis there have been two experimental studies that revealed a
change in the counting statistics when entering the strong blockade regime. [Rein-
hard et al., 2008b] exploited a Forster-resonance involving ‘45D5 /2> states to reach
the strong interaction regime and very recently [Viteau et al., 2012] observed sub-
Poissonian excitation statistics for attractive interactions with ’71D3 /2> states. We
address this topic from a slightly different view angle in Ch. 6, where we for the
first time provide experimental evidence of sub-Poissonian statistics of Rydberg-
interacting dark-state polaritons, which are quasi-particles composed of matter and
light [Hofmann et al., 2012].

2.3 Rydberg atom-light interfaces

So far the discussion primarily focused Rydberg-Rydberg interaction effects on the
atomic degrees of freedom. In conjunction with these long-ranged interactions is a
substantial back-action on the radiation field, which can be explained by consider-
ing Rydberg atom-light interactions. The dynamics of such a system — formed by
three-level atoms and two coherent optical driving fields — can be described using
coupled differential equations, called optical Bloch equations. They are introduced
in Sec. 2.3.1 and form the basis of many physical aspects discussed in this thesis. For

instance they describe electromagnetically induced transparency [Fleischhauer et al.,

WA rigorous derivation of Eq. 2.18 can be found in the appendix A of [Ates, 2009].
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(a) bare states (b) dressed states
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Figure 2.5: Bare and dressed states of a three-level atom. (a) shows a ladder
scheme with a ground state |g), a short-lived intermediate state |e), and a (meta)
stable state |r) driven by a probe laser (Rabi frequency (2,,) and a coupling laser (Rabi
frequency ), respectively. Single photon detunings are indicated by A, . and the
respective decays are given by I'c,. (b) On resonance (A, = 0) the coupling laser
induces a destructive interference of excitation pathways through the doublet of dressed
states |+). This figure is adapted from [Fleischhauer et al., 2005].

2005], which is a prototypical atom-light interface that is explained in Sec. 2.3.2.
Qualitatively new physical effects, discussed in Sec. 2.3.3, arise if one of the cou-
pled energy levels is a Rydberg level which is subjected to sizable and long-range
Rydberg-Rydberg interactions. Section 2.3.4 discusses the extension of Rydberg
electromagnetically induced transparency to the few-photon level, at which it is
characterized by the propagation of coupled excitations of atoms and light, called
dark-state polaritons [Fleischhauer and Lukin, 2000].

2.3.1 Optical Bloch equations

Here the Rydberg atom is treated as three-level atom in a ladder-type configuration
composed of the ground state |g), the intermediate state |e), and the Rydberg state
|7), and depicted in Fig. 2.5 (a). The atom is interacting with two near-resonant
laser fields. The lower transition is coherently driven by a probe laser with Rabi
frequency €2, and laser detuning A, while the upper transition is coherently driven
by a coupling laser with Rabi frequency (). and a laser detuning A.. In the present

work we are using Rubidium atoms which have the following level structure:

_ Qp o Qe
‘531/27 F= 2> m ‘5P3/2, F = 3> m |n€> R (219)

with ¢ =0 or 2 for ‘n51/2> or ‘nD3/2,5/2> states, respectively.
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With the exception of Sec. 2.3.4, both laser fields are considered to be classical
light fields, since the majority of atom-light interaction phenomena can be described
quantitatively using a semiclassical analysis. We furthermore make the rotating
wave approximation through which the atom-light interaction Hamiltonian H,; of
the system is expressed in the rotating frame as the sum of the diagonal atomic

Hamiltonian H, and the off-diagonal laser coupling Hamiltonian H;:

Ha = Ho +Hi = g Q. 24, Qe (2.20)
0 Q 2(A,+A)

Real atomic systems are subjected to incoherent processes such as the sponta-
neous emission of photons which cannot be included in (2.20) as an unitary pro-
cess [Pritchard, 2012]. Instead it is appropriate to use the density matrix formalism
to derive a master equation which allows the inclusion of dissipative processes. These
processes are described by the so-called Lindblad superoperator £(p), which affects
the atomic populations (diagonal elements) and dephases the coherence terms (off-
diagonal elements) [Lindblad, 1976]

1
L(p) =) CerCl— 5D CiCip+ pClCy. (2:21)
k k

Here, p = p;; with 4,5 = {g,e,r} is the 3 x 3 density matrix of the atom-light
system and k is the summation index summing over all possible decay channels of
the system, while the collapse operators C} account for the decay in these channels.

In our case they have the form [Haroche and Raimond, 2006]

Ce = V/Telg) (el (2.22a)
Co= /T le) (r] | (2.22b)

with the intermediate state decay rate I'. and the Rydberg state decay rate T',.
Besides the dephasing of the system through spontaneous emission, there are also
dephasing mechanisms due to the finite laser linewidths 7, and 7. of the probe and
the coupling laser, respectively. These effects can be accounted for by an additional
empirical Lindblad operator L4(p). Since the laser linewidths only affect the coher-
ences while leaving the populations unchanged, the dephasing Lindblad operator is
off-diagonal. A derivation and detailed discussion of L4(p) can be found in §4.1.1
of [Pritchard, 2012]. Finally the time evolution of the density matrix is calculated

using the Liouville-von Neumann equation in the Lindblad form

p=+ [ H]+ L) + Lalp). (2.23)
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The resulting coupled differential equations are commonly referred to as optical Bloch
equations. For the noninteracting three-level atom one obtains six independent cou-
pled differential equations, whereupon three of them are describing the population
evolution of the atomic states |g), |e), and |r), while the remaining differential equa-
tions identify the dynamics of the coherences. The optical Bloch equations are used
throughout this thesis, to describe both the optical response of Rydberg and ground
state atomic gases, probed by absorption imaging, as well as the Rydberg population
directly accessed by field ionization measurements.

The optical response of atomic systems to the probe laser, is determined by the
refractive index n = /T + x. The complex part of the susceptibility yx is respon-
sible for the probe beam absorption by the medium while the real part describes
the associated relative phase changes experienced by the light field, when passing
through the medium. Thus, we are primarily interested in the susceptibility which is
proportional to the density matrix element p.,. It has the form [Fleischhauer et al.,

2005]

e 1 1
A) = ey = Aoy 9.24
X( P) €0h Qpp g anpg ( )

with the vacuum permittivity ¢y and the optical density a.

To get a qualitative understanding of the complex susceptibility it is instructive
to solve for the steady state of optical Bloch equations, which we obtain be equating
the left hand side of (2.23) with zero. We further assume negligible dephasing such
that L4(p) in (2.23) can be dropped. In the weak probe limit for which Q, < Q., T,

one then obtains an analytic expression for y [Giinter et al., 2012]
il

a
Ie — 2iA, + T, —2i(Ap+Ae)

X(Ap) =

(2.25)

In the absence of the coupling laser (i.e. Q. = 0) the system reduces to a two-level

(2lv) system with the spectral absorption profile

F2

I {X"(A)} =a 55—~
P T2 —4A2

(2.26)
which describes a Lorentzian lineshape with the natural linewidth I'..

The next section is devoted to the intriguing effects that arise from the addition
of the coupling laser which renders the system more complex but also dramatically
enriches the atom-light interaction effects possible with three-level systems. Both
the complex part of the susceptibility, describing the medium absorption, and the

real part, determining the refractive properties, will be discussed in more detail.
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2.3.2 Electromagnetically induced transparency

In the simple case of a three-level atom coherently coupled to two laser fields, inter-
ference between excitation pathways [Fano, 1961] has profound consequences for the
propagation of the applied optical fields as well as for the atomic state evolution and
gives rise to a range of remarkable phenomena. For instance this leads to electromag-
netically induced transparency (EIT), in which the presence of the coupling laser
can render an otherwise absorbing medium transparent [Harris, 1997; Marangos,
1998; Fleischhauer et al., 2005], and to coherent population trapping (CPT) into a
quantum superposition of the atomic states which is independent of the intermedi-
ate level [Alzetta et al., 1976; Gray et al., 1978]. For noninteracting atomic gases
these phenomena can be understood as single atom effects and have been studied
intensively, as they provide a powerful tool for precision spectroscopy [Santra et al.,
2005] and nonlinear optics [Harris et al., 1990].

This quantum interference effect is general to three-level systems and is observ-
able in lambda-type, vee-type and ladder systems, provided that the previously
introduced state |r) is (meta)stable’. The introduction given here is kept general
but the end of this section will focus on the special case of Rydberg-EIT which is
studied in the context of this thesis. To understand the origin of this phenomenon,
it is helpful to investigate the nature of the three dressed eigenstates of the atom—
light interaction Hamiltonian introduced in (2.20). Following Bergmann et al., we
will express them in terms of so-called mixing angles 6§ and ¢ that depend on the
Rabi frequencies €2, . and the probe laser detuning A, with respect to the interme-
diate state [Bergmann et al., 1998; Fleischhauer et al., 2005]. On the two photon

resonance (A, + A, = 0) the mixing angles are of the following form

Q
tanf = Q—p : (2.27a)
/22 + Q2
tan2¢ = Y———F. (2.27b)
p

The laser-dressed eigenstates can then be written as:

|+) = sinf sin ¢ |g) + cos ¢ |e) + cos @ sing |r) , (2.28a)
|—) =sinf cos ¢ |g) —sin¢ |e) + cosl cosp |r) | (2.28b)
|d) = cos@|g) —sinf|r) . (2.28¢)

YWith lifetimes of several tens of microseconds, Rydberg states |r) are considered stable on the

timescales investigated in this thesis.
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Figure 2.6: Electromagnetically induced transparency. Real and imaginary part of
the complex susceptibility x as a function of the probe laser detuning A,,. (a) The optical
Bloch equations are numerically solved for the parameters Q. = I'./2, Q, = I'./10,
I' =0, Ac = 0. The dashed lines show the optical response of a two-level atom.
(b) Influence of finite laser linewidths. The dashed lines are computed with the same

parameters as in (a). The solid lines include finite laser linewidth v, = 7, = 0.04 ..

The eigenstates |£) contain contributions from all three bare states, in contrast to
|d) which has no contribution of the rapidly decaying intermediate atomic state |e)
and is thus immune to radiative decay. For the same reason |d) does not couple to the
light field and is therefore called a dark state. The transparency induction becomes
apparent in the weak probe limit (2, < €.). When the probe laser is tuned to
resonance (A, = 0), then the mixing angle ¢ = 7 /4 such that |+) = 1/v/2(|r) % |e)).
In this case the probe laser couples equally well to the |e) component of these two
states. As the |e) components in the two states have opposite signs, both excitation
pathways will interfere destructively, leading to a cancellation of the optical response
on the bare state resonance [Fleischhauer et al., 2005]. Since the |+) states are prone
to radiative decay (|e) — |g)), the system is accompanied by an evolution into the
dark state |d), which in the weak probe limit (§ — 0) coincides with the ground
state |g). The EIT effect is visualized in Fig. 2.6 (a), which presents the full optical
response — the imaginary and the real part of x — of a coherently driven three-level
system in the weak probe limit. The plotted spectra are numerical solutions to the

optical Bloch equation introduced in (2.23) neglecting L4(p). The upper part of
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Fig. 2.6 (a) compares the normalized absorption of a two-level system (dashed line,
compare to (2.26)) with that of a three-level system (solid line) as a function of the
probe laser detuning A,. It becomes apparent that the presence of the coupling laser
dramatically changes the medium properties on resonance from maximum opacity to
complete transparency. This effect is associated with a narrow transparency window
which becomes narrower with smaller €)., resulting in a subnatural linewidth for
properly chosen laser parameters.

The lower part of Fig. 2.6 (a) shows the accompanying effects on the refractive
properties of the medium which are determined by the real part of the complex
susceptibility. Close to resonance we find that the dispersion variation of a three-
level system (solid line) markedly differs from the well known anomalous dispersion
of two-level systems (dashed line). Instead there is a normal dispersion coinciding
with the transparency window. Interestingly, the optical response passes through
zero, while the slope of the dispersion is steep. This has direct consequences on the
propagation velocity of light passing through the EIT medium, as the group velocity
is dependent on the dispersion gradient [Fleischhauer et al., 2005]. This fact will be
revisited in Sec. 2.3.4 as it has important consequences for the physics dark-state
polaritons discussed in Ch. 6.

The idealized picture introduced above becomes more realistic, when including
dephasing mechanisms of the two driving lasers. To illustrate the influence of finite
laser linewidths, a numerical solution of the complete optical Bloch equations now
including L4(p) (see Eq. 2.23) is shown in Fig. 2.6 (b). The upper part of Fig. 2.6 (b)
shows an absorption spectrum with included laser linewidth" of v, /27 = ~./27 =
0.04T".. We see that dephasing significantly reduces the transparency and slightly
broadens the spectrum. The transparency reduction is due to an admixture of
the decaying state |e) to the dark state |d) induced via laser dephasing [Pritchard,
2012]. The transparency imperfection is accompanied by a decrease of the normal
dispersion as shown in the lower graph of Fig. 2.6 (b). This effect in turn counters

the group velocity reduction.

Related phenomena

There are other atom-light interaction effects that are intimately connected with
electromagnetically induced transparency. These are stimulated Raman adiabatic

passage (STIRAP), coherent population trapping (CPT) and the Autler-Townes

“"For Rubidium with I'./27 = 6.1 MHz, the chosen example corresponds to a laser linewidth
Vp/2m = 7o /21 ~ 250kHz.
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Figure 2.7: Autler-Townes splitting. When the coupling Rabi frequency 2. exceeds
the intermediate state natural linewidth I'¢, the absorption profile splits into two distinct
lines. This is illustrated for the parameters ). = 5T, Q, =I'¢/10, Ac =0, and I', = 0.

The latter three parameters are the same as in Fig. 2.6 and the dashed lines again show

the two-level response (€2, = 0).

effect. Only the latter two are detailed here, as they are relevant for work presented

in this thesis.

(4)

(i)

Autler-Townes splitting — When the coupling Rabi frequency is increased
even further, such that Q. > I',, the absorption profile splits into two distinct
lines corresponding to |+), with the energies hws = i/2(A 4 /A2 + Q2 + QZ)
[Fleischhauer et al., 2005]. This effect is known as Autler- Townes splitting [Aut-
ler and Townes, 1955; Cohen-Tannoudji, 1996]. It is depicted in Fig. 2.7, where
it is compared to the optical response of a two-level atom. The Autler-Townes
effect is related to EIT but the Fano interference connected to EIT becomes
negligible for large (.. A recent detailed discussion highlighting the differences
between EIT and the Autler-Townes splitting can be found in [Anisimov et al.,
2011]. We will exploit the Autler-Townes splitting in Ch. 4, as a means to re-
alize an interaction-induced resonant excitation, to give experimental evidence
for the antiblockade effect.

Coherent population trapping — Earlier it was mentioned that the |+)
states are subjected to radiative decay (|e) — |g)), which can pump popula-
tion into the dark state |d). As the dark state does not couple to the light
field, the population will remain trapped in this quantum superposition of the
atomic states. This phenomenon is called coherent population trapping (CPT)
and was first observed by [Alzetta et al., 1976; Arimondo and Orriols, 1976]
and is reviewed in [Arimondo, 1996]. Dependent on the laser parameters this
superposition state can contain a sizable Rydberg population which can be

measured by means of field ionization [Schempp et al., 2010].
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2.3.3 Interaction effects on Rydberg electromagnetically in-

duced transparency

More recently, it has been recognized that the combination of EIT and highly excited
Rydberg states opens up new perspectives [Mohapatra et al., 2007]. Theoretically,
strongly interacting Rydberg atoms driven in an EIT-configuration were shown to
enable the generation of many-atom entanglement [Miiller et al., 2009] and of non-
classical light [Gorshkov et al., 2011; Sevingli et al., 2011b; Petrosyan et al., 2011].
Meanwhile experiments have been undertaken to study first effects of Rydberg—
Rydberg atom interactions on EIT [Weatherill et al., 2008; Mohapatra et al., 2008;
Raitzsch et al., 2009; Pritchard et al., 2010] and CPT [Schempp et al., 2010].

To see how Rydberg—Rydberg interactions affect the previously discussed atom—
light interaction phenomena like EIT, CPT or the Autler-Townes effect, it is in-
structive to describe the system as an interacting two-atom system. In the atom
pair basis {|g9),|ge),|eg),|ee),|gr),|rg),|er),|re),|rr)} the atom-light interac-
tion Hamiltonian #H, introduced in (2.20) is then expressed as a 9 x 9 matrix. To
account for the Rydberg—Rydberg interaction, the Hamiltonian is extended by a
Rydberg interaction Hamiltonian H;,, of the form Hiy = Ui (R) |rr) (rr|, where
Un(R) = —Cg/RS is the van der Waals interaction between two Rydberg atoms.
To obtain the two-atom optical Bloch equations, the Lindblad superoperator £(p)
and the laser dephasing operator L4(p) have to be adapted accordingly, which fi-
nally leads to 45 independent coupled differential equations for the density matrix
elements of the Rydberg interacting atom-light system.

The two-atom optical Bloch equations will be used in Ch. 4 because they allow for
a simple distinction between noninteracting pair states with single Rydberg contri-
bution (|gr) ,|rg),|er), and |re)) and interacting Rydberg pair states (|rr)). In this
way interaction effects on the Rydberg population can be distilled out which is used
to model an interaction-induced asymmetry of the two Autler-Townes components.
The latter turns out to be a manifestation of the antiblockade.

For two interacting atoms, the Rydberg—Rydberg interaction has already pro-
found consequences on the atom dark state ’d(2)>. Due to the interactions it
cannot be expressed as a simple product state of two single atom dark states
|d(2)> # |d) ® |d), where |d) was introduced in (2.28). As pointed out by Mgller
et al., the two interacting atoms, nevertheless, possess two dark states ’d(2)>, where
one of them has the form [Mpgller et al., 2008]

(cos? 6 — sin? @) |gg) — sin @ cosO(|gr) + |rg)) + sin® @ |ee)

d?\ =
| > Vicostf + 2sin* 0

(2.29)
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These entangled dark states are dissipative due to the admixture of the intermediate,
decaying state |e), but are still significantly populated by optical pumping. Inter-
estingly, they do not contain the state |rr) and are thus immune to interactions. As
a consequence, the dark-state resonance does not shift with increasing interaction
which affects both the Rydberg-CPT line and the light transmission on the EIT
resonance.

We have experimentally investigated this effect in the case of coherent population
trapping with controlled inter-particle interactions, for which we observed a non-
shifted dark-state resonance without significant broadening [Schempp et al., 2010].
For sizable Rydberg population (€, > ) we have measured the narrow Rydberg
excitation line arising from CPT by directly probing the Rydberg population (o p,..)
with field ionization. Similar effects were at the same time seen in a Rydberg EIT
medium subjected to long-range interactions, for which measurements of the probe
laser transmission in the weak excitation regime (2, < €2.) gave direct information
about the probe beam optical susceptibility x [Pritchard et al., 2010]. At higher
atom densities both experiments furthermore discovered a diminishing contrast of
the dark resonance, the reason of which will be explained shortly.

When the atomic density is increased, the system undergoes a transition from
an interacting pair system to a multiparticle system, in which cooperative effects
start to play a role, as more and more atoms accumulate within a blockade sphere.
This emphasizes that a more sophisticated many-body theory is required. Indeed
we found out that the occurrence of entangled dark states in the two-body model
already suggests that the interaction-induced correlations between the atoms cannot
be accounted for by a mean-field model which would predict both a broadening and
a shift of the dark-state resonance [Schempp et al., 2010]. For atomic densities
of n = 10" cm™ and a blockade radius of R}, = 6 pm Pritchard et al. found
quantitative agreement between the experiment and a three-atom cooperative model
which can be understood as three-body optical Bloch equations [Pritchard et al.,
2010]. Our experimental findings were explained with a reduced density matrix
expansion developed by S. Sevingli and T. Pohl. The theory, accounting for the
dynamics of inter-particle correlations within a blockade sphere, provides an accurate
description of the excitation dynamics for the investigated atomic density range from
na~T7x108cm™3 — 7 x 10 cm™ [Schempp et al., 2010].

The dark state expressed in (2.29) also reveals another interesting feature which
was pointed out in [Pritchard et al., 2010]. ‘d(2)> suggests that the system is in a
superposition in which due to the excitation blockade only one atom can be excited

to the Rydberg state and thereby solely contributes to the transparency. The other
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Figure 2.8: Universal relation between the scaled susceptibility ¥ = x/x(
the fraction f;,, of interaction-blocked Rydberg excitations. The horizontal and
vertical lines mark the measurements of the blockade fraction (dotted lines), [Schempp
et al., 2010] and of the probe beam transmission (dashed lines), [Pritchard et al.,
2010], respectively. The squares and circles only highlight the intersection with the
theory curve, but do not represent data points. The figure is taken from [Sevingli et al.,

2011a] and replotted with permission of S. Sevingli.

atom acts as a two-level atom which resonantly couples to the probe laser, resulting
in a transparency reduction on resonance. The blockade forms a collective state
for which the single Rydberg excitation is shared between the two atoms. As more
atoms are included in the blockade sphere, the single excitation is shared across a

larger number of atoms, further suppressing the transmission on resonance.

This effect is illustrated in Fig. 2.8 which is taken from a joint publication with
Sevingli et al. and shows the dependence of the the scaled susceptibility ¥ = x/x")
upon the blockade fraction fi = n'” /n, — 1 [Sevingli et al., 2011a]. Here y*) ex-
presses the susceptibility of a two-level (2lv) atom, while nt” describes the Rydberg
density for vanishing interactions. The solid line in Fig. 2.8, which is the result of
a Monte-Carlo rate equation approach developed by C. Ates, S. Sevingli, and T.
Pohl, connects both our CPT measurements [Schempp et al., 2010], as well as the
EIT measurements by [Pritchard et al., 2010]. The theory furthermore suggests
a simple universal relationship between the scaled susceptibility and the blockade
fraction [Ates et al., 2011]

for +x©

T+ fu (2:30)

X =
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were ¥(°) denotes the scaled susceptibility for noninteracting atoms arising from the
finite linewidth of the excitation lasers (compare to Fig. 2.6 (b)). Most importantly,
the strong Rydberg-Rydberg atom interactions result in huge dissipative optical
nonlinearities, demonstrating the great potential of Rydberg-EIT media for appli-
cations in quantum optics [Sevingli et al., 2011b; Pritchard et al., 2012].

An experimental verification of this universal scaling behavior is extremely chal-
lenging, since it asks for the comparison of two locally measured quantities, the
scaled susceptibility x and the blockade fraction f,,;. The latter is difficult to mea-
sure as a Rydberg population measurement via field ionization is always connected
to an ensemble averaged measurement, as will be emphasized in Sec. 3.7.2, when
investigating the combined ion and optical detection of Rydberg atoms. We will
however experimentally demonstrate the optical nonlinerity in Ch. 6, where we an-
alyze the transparency of a Rydberg EIT medium, varying the atomic density over
almost four orders of magnitude, thereby accumulating more and more atoms inside
the blockade spheres. We will show that the measurements are in good agreement
with Monte-Carlo simulations which include the attenuation of the probe light as it

propagates through the cloud.

2.3.4 Dark-state polaritons

In Sec. 2.3.2 it was mentioned that concomitant to the transparency there is a
sizable linear dispersion, which can lead to a substantial reduction of the group
velocity resulting in slow light. This was impressively demonstrated in a sodium
BEC allowing a velocity reduction of a light pulse down to 17m/s [Hau et al., 1999].
The physics of slow light propagation in EIT media is associated with the existence
of quasi-particles called dark-state polaritons, which can be understood in a quantum
mechanical picture in which the probe field is treated quantum mechanically and
assumed to be composed of individual photons [Mazets and Matisov, 1996; Fleisch-
hauer and Lukin, 2000]. In the presence of a strong coupling field, a single probe
photon will be partially converted into a collective excitation of the medium and

forms a dark-state polariton [Fleischhauer and Lukin, 2002]
|D,1) = cos? |G, 1) —sin? |R,0) , (2.31)

where the collective quantum states involving N atoms and the light field are
1

R,0) = — R PR 0y, 2.32a
‘ > m;\gl 9N>’> ( )

|G71>:|g17'“ariv"'7gN>|1> . (232b)
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The mixing angle

vnocle
tand = "(;L — /iy, (2.33)

determines the properties of the polariton depending on the atom density n, the
resonant scattering cross-section o = 3\?/27 and the speed of light c.

Outside the medium (i.e. n = 0 and hence ¥ = 0) the polariton possesses entirely
photonic character and therefore travels with the speed of light. This changes as soon
as the polariton enters the medium where it experiences the large linear dispersion.
The finite atomic density n of the medium changes the mixing angle such that
the polariton looses part of its electromagnetic nature while acquiring matter-like
character. It propagates through the atomic medium with negligible loss and reduced

group velocity
~ ¢/ tan’ ¥, (2.34)

() =
& 1+n,

which is proportional to the magnitude of its photonic component [Lukin and Imamo-
glu, 2001]. Once the dark-state polariton has left the medium it is accelerated back
to the speed of light and has again purely photonic character.

For typical densities reached in ultracold gases, the polariton is almost entirely
matter-like and it seems natural that it can adopt matter properties. For instance it
becomes a ‘mass-like’ particle which provides an intuitive picture for the dramatically
reduced group velocity v, < c. Other examples for the adoption of matter prop-
erties are for instance, the imprint of a magnetic moment onto a light field [Karpa
and Weitz, 2006] or the realization of giant electro-optical effects based on the ex-
aggerated polarizability of Rydberg atoms [Mohapatra et al., 2008]. Qualitatively
new effects are expected when coupling light to a strongly interacting atomic sys-
tem. Polariton—polariton interactions mediated by the atomic admixture can lead
to highly nonlinear and nonlocal effects [Sevingli et al., 2011b] as well as the emer-
gence of correlations in both the atomic and the light fields [Gorshkov et al., 2011;
Petrosyan et al., 2011; Peyronel et al., 2012]. In Ch. 6 we will discuss the experi-
mental realization of strongly interacting Rydberg dark-state polaritons whereby the
blockade effect gives rise to dissipative hard-core interactions between dark-state po-

laritons.



Chapter 3

Experimental Setup and Rydberg

atom detection

This chapter is based on the following manuscript:

Combined ion and optical detection of Rydberg atoms in dense ultracold atomic
gases

C.S. Hofmann, G. Gilinter, H. Schempp, N. L. M. Miiller, A. Faber, H. Busche,

M. Robert-de-Saint-Vincent, S. Whitlock, M. Weidemidiller

in preparation

Recent developments in the physics of ultracold Rydberg gases demand a high
level of experimental sophistication combining high atomic and optical densities with
excellent control of external fields and precise Rydberg atom detection. This chapter
describes our new experimental system which was designed and built in the frame-
work of this thesis. The key components of the setup, which are specific to Rydberg
physics are outlined in Sec. 3.1 and detailed in the subsequent sections. The system
operates at fast duty cycles thanks to a high flux cold atom source (Sec. 3.3) and
a three beam optical dipole trap (Sec. 3.4). The latter permits accurate tuning of
atomic densities and efficient all-optical preparation of Bose-Einstein condensates
as detailed in Sec. 3.5. The centerpiece of the apparatus is an electrode structure
that surrounds the Rydberg gas and allows for precise electric field control and field
ionization of Rydberg atoms combined with subsequent charged particle detection
as explained in Sec. 3.6. Owing to its high degree of optical access, the system
also renders the spatially resolved optical probing of Rydberg state properties pos-
sible, by making use of Rydberg state EIT. The combination of these two detection
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Figure 3.1: Experimental system for Rydberg physics in dense ultracold atomic
gases. (a) A high flux cold atom beam loads a magneto-optical trap (not shown). The
pre-cooled atoms are subsequently transferred into an optical dipole trap for evaporative
cooling. After trap release the atoms are excited to high-lying Rydberg states by a
780nm probe laser and a counter-propagating 480 nm coupling laser. An electrode
structure is used for precise electric field control and for field ionization of Rydberg
atoms. Guiding fields produced by two deflection rings direct the resulting ions (green
trajectories) onto a micro-channel plate (MCP) detector. Optical detection with a CCD
camera done in parallel provides complementary information, using Rydberg-EIT.

techniques has not been realized previously. It provides a powerful new tool giv-
ing complete access to macroscopic as well as microscopic properties of strongly

interacting Rydberg gases, as discussed in Sec. 3.7.

3.1 Experimental system for dense ultracold Ryd-

berg gases

The key components of our new experimental system are summarized in the schematic
diagram depicted in Fig. 3.1. The fact that Rydberg atoms are sensitive to stray
fields caused by the presence of even a few ions [Comparat and Pillet, 2010] has to
be considered in the implementation of the cold atom source of the experiment: it is

advantageous to isolate the cold atom source from the main experimental chamber.
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This is particularly simple with two-dimensional magneto-optical traps (2D-MOTs),
since the cooling mechanism and the transmission through the differential pumping
tube are exclusive to the designated atomic species [Dieckmann et al., 1998]. Thus
2D-MOTs are entirely ion free sources, making them ideally suited for experiments
with Rydberg atoms. Providing atom beams with similar atom fluxes as Zeeman
slowers, they have the major advantage that they are compact and can be imple-
mented at nearly any orientation angle with respect to the magnetic gradient fields
of the magneto-optical trap (MOT). This provides a simple means to maximize the
optical access to the science chamber. Exploiting transversal cooling, 2D-MOTs
furthermore provide slow atomic beams of minimum divergence and high beam lu-
minosity which set the basis for experiments with high repetition rates, as the MOT
loading time can be significantly shortened.

Once the MOT is loaded, the pre-cooled atoms are directly transferred into an
optical dipole trap to all-optically prepare dense atomic samples [Grimm et al., 2000],
which are then laser excited to Rydberg states. To study their mutual interactions, it
is necessary to vary their average inter-atomic separation (compare Fig. 2.2). This is
done by forced evaporative cooling which allows for precise density and temperature
tuning of atomic gases and permits Bose-Einstein condensation, if required. As
compared to magnetic traps [Low et al., 2007; Dubessy et al., 2012], dipole traps
are unrestricted to the used spin states and offer fast experimental duty cycles as
well as instant trap switch-off. Moreover optical dipole traps permit flexible trap
geometries and have only minor effect on the optical access.

In Sec. 2.1 it was mentioned that Rydberg atoms experience sizable Stark shifts
AU = a&?/2 in electric fields € because their atomic polarizability « scales with the
principal quantum number as n*7. The |555) Rydberg state, used most frequently
in this thesis, for instance exhibits a polarizability of « ~ —100MHz/ (V/cm)2
[O’Sullivan and Stoicheff, 1985] and an intrinsic linewidth of ~ 27 x 10 kHz [Beterov
et al., 2009b]. Thus an electric field of & = 1V /cm already causes a lineshift ex-
ceeding more than 600 linewidths. On the one hand the electric field sensitivity of
Rydberg atoms naturally asks for precise field control as a prime requirement of a
Rydberg apparatus. On the other hand the application of moderate electric fields
offers exceptional manipulation possibilities ranging from the tuning of interactions
with Forster resonances [Vogt et al., 2006; Westermann et al., 2006; Ryabtsev et al.,
2010; Nipper et al., 2012; Gurian et al., 2012] or the induction of permanent elec-
tric dipole moments with homogeneous fields [Vogt et al., 2007] to the realization
of spatially resolved Stark shifts with gradient fields [Miilken et al., 2007]. That is

why a specially designed electrode structure fulfilling the above requirements was
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designed. The electrode structure, shown in Fig. 3.1, also allows for field ionization
of Rydberg atoms and subsequent charged particle detection, which is so far the
most frequently used Rydberg detection technique.

The good optical access of our setup qualifies for optical absorption imaging with
a charged coupled device (CCD) camera. We extend this well established technique
to the probing of Rydberg states by exploiting Rydberg state electromagnetically
induced transparency as introduced in Sec. 2.3.3. This is possible because EIT
allows to map the properties of the Rydberg state onto the light field, giving rise
to a spatially resolved information which not only provides a local probe but also
offers a powerful tool to analyze hundreds of EIT-systems (mapped onto hundreds
of pixels) in parallel. Combined with field ionization, this makes for an ideal tool for
accessing microscopic and macroscopic properties as well as the dynamics of strongly
interacting Rydberg gases.

After having outlined the most important features of the new setup, the core

components are now detailed in the sections below.

3.2 Vacuum system

The technical realization of our new experimental apparatus is shown in Fig. 3.2
which gives an overview over the vacuum system and the periphery of the science
chamber. The vacuum system is designed as a dual chamber system in which the
atom source ((1)) is pressure separated form the science chamber ((2)), which encloses
the electrode structure. The science chamber is based on a commercial ‘spherical
square’ stainless steel chamber® which provides excellent optical access thanks to
eight openings perpendicular to the symmetry plane of the chamber, which is cho-
sen as horizontal plane of our experiment. The openings are sealed with diffusion
bonded nonmagnetic viewports®. To eliminate thermal lensing in high power laser
applications, Suprasil 3001 is chosen as viewport glass, which has nearly no OH
absorption bands up to 2600 nm [Carpenter et al., 2012]. In particular at the dipole
trap wavelength 1064 nm the absorption is as low as 0.25ppm/cm. All windows
are anti reflection coated at the principal wavelengths of our experiment (780nm,
480 nm, and 1064 nm) to reduce reflection.

To achieve ultra high vacuum with a pressure < 1 x 107! mbar, we use custom-

made nonevaporable getter coating [Benvenuti et al., 1999] in combination with a

iKimball Physics: 8 Multi-CF Spherical Square MCF800-S5204040.16
“The viewports are manufactured by UKAEA.
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Figure 3.2: Technical overview over the vacuum chamber. The system is designed
as dual chamber vacuum system with the atom source (1), the science chamber (2) and
the titan sublimation pump (3) and the 1251 ion pump (4). A mounting structure (5)
is recessed into the optical table (not shown) and supports the entire setup. Optical
breadboards (6) are used to mount the optical elements.

titanium sublimation pump™ ((3)) and a continuously operated 1251/s ion getter
pump® ((4)) to evacuate the chamber periphery. A mounting structure ((5)) which is
recessed into the optical table supports the vacuum system in its center of mass and
in the same time provides anchorage points for optical breadboards ((6)) on which

all optical elements are mounted.

3.3 Cold atom source

Our 2D-MOT is housed in a 140 x 35 x 35 mm glass cell” and is pressure separated
from the science chamber by a differential pumping stage. Dispensers inside the
glass cell provide a Rubidium background vapor, whose vapor pressure is adjustable
via the applied dispenser current. The dispensers” are 98% isotope enriched with
8"Rb to minimize the 8°Rb vacuum contamination in the glass cell. To maintain

good optical access to the science chamber, the 2D-MOT is attached under an angle

# Agilent Technologies; TSP Cartridge Filament Source

w Agilent Technologies; Vaclon Plus 150 Ton Pump StarCell

YThe glass cell is AR coated (780nm) on the outer cell walls and manufactured by Japan Cell.
vi Alvatec; ALVASOURCES — Chormate-free metal vapor sources, AS-3-Rb87(98%)-20-F
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of 20° with respect to the horizontal plane of the experiment. We designed a compact
200x 200 x 350 mm fiber based cage system to minimize the space consumption of the
2D-MOT. It is depicted in Fig. 3.3 (a) and provides 780 nm laser light and magnetic
quadrupole fields required for two-dimensional cooling and trapping. Adjustment
bellows, connecting the glass cell and the science chamber, can be used to align the
atom beam with respect to the science chamber center, without changing any optical
alignment.

The cage system is divided in two perpendicular cooling planes which intersect
in the symmetry axis of the glass cell. A cross-section through one of these planes
is shown in Fig. 3.3 (b) which shows the fiber coupler, the polarization optics, and
the retro-reflection optics for the realization of three equally spaced cooling regions.
The multiple-stage design is similar to a design by Ramirez-Serrano et al. and
effectively works as one long trap region [Ramirez-Serrano et al., 2006]. We verified
this with atom trajectory simulations revealing that atoms in one trapping region
are efficiently coupled into adjacent regions, while atoms with higher velocities can
also be captured by passing through more than one trapping region [Holtkemeier,
2011]. A second fiber coupler is used to generate a 7mm diameter pushing beam,
which propagates along the symmetry axis and guides the pre-cooled atoms through
the 800 um exit hole of the differential pumping stage into the science chamber.

Figure 3.4 illustrates the realization of the magnetic trapping fields. Following
Tiecke et al., we use permanent neodymium bar magnets that are arranged in two
units with six magnets to provide a two-dimensional quadrupolar field which extends
over the total length of the three trapping regions (see Fig. 3.4 (a)) [Tiecke et al.,
2009]. Both bar magnet units lie in a plane which bisects the two laser cooling
planes as illustrated in Fig. 3.4 (b). The separation between the two units can be
incrementally decreased to change the field gradient from ~ 13 G/cm to ~ 20 G/cm
as shown in Fig. 3.4 (c). Best results were obtained with a field gradient of 16 G/cm
which is constant over ~ 10 cm, covering all three cooling regions.

The 2D-MOT described here, has been rigorously characterized in the frame-
work of two Diploma-Theses [Holtkemeier, 2011; Busche, 2011]. B. Holtkemeier
primarily focused on the properties of the cold atomic beam, since a 2D-MOT can
also serve as a novel target for recoil ion momentum spectroscopy experiments as
described in our recent publication [Gotz et al., 2012]. The second Diploma-Thesis
by H. Busche investigated the MOT loading characteristics in detail, such that only
its most important aspects are summarized here. For routine operation we use the
following parameters that have been optimized for maximum MOT loading rates.

We typically use 80 mW total cooling laser power and 3mW total repumping laser
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Figure 3.3: Technical overview over the 2D MOT cage system (a) The glass
cell is surrounded by an attachable and externally adjustable, fiber based 2D-MOT cage
system. It provides polarization and retro-reflection optics as well as permanent magnets
for three cooling regions. A cross-section through one of the cooling planes is shown
in (b). Dispensers provide Rubidium vapor for laser cooling. Polarizing beam splitters
(PBS) and waveplates (A/2, A\/4) divide cooling light from a fiber coupler into three
cooling regions. A fiber based pushing beam directs the resultant cold atomic beam

through the differential pumping stage towards the science chamber.
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Figure 3.4: Magnetic field design of the 2D-MOT. (a) Technical drawing of the
bar magnet units. The cage system is not shown for clarity. (b) cross-section through
a plane perpendicular to the symmetry axis of the glass cell, illustrating the magnetic
quadrupole field which is indicated by the blue arrows. (c) Magnetic field gradients
as a function of symmetry axis position. The three measurements correspond to three
different separations between the two bar magnet units. Horizontal error bars represent
a positioning uncertainty due to the Hall probe thickness, while vertical error bars corre-
spond to 95% confidence intervals of the linear fit determining the field gradient. Solid
lines represent calculated gradients for a magnetization of 9.1 A /m.
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Figure 3.5: 2D-MOT performance. (a) Dependence of the loading rate on the 8"Rb
dispenser current. The maximum loading rate of (3.9 £ 0.5) x 10%s~! is reached for a
current of 3.2 A. We observe a loading rate increase of a factor 12 + 2 when operating
the 2D-MOT with pushing beam. All measurements were taken after 0.1s of MOT
loading. (b) MOT loading dynamics. The main graph shows performance increase
through pushing beam operation. The according MOT loading curves with and without
pushing beam operation are shown in black and red, respectively, in the inset. All lines

plotted through the data are guides to the eye.

power. The circularly polarized cooling laser is 9 MHz (=~ 1.5T,) red detuned from
the }551/2,F = 2> — |5P3/2, F= 3> cooling transition and the co-propagating re-
pumping laser is resonant with the ‘551/2, F= 1> — ‘5P3/2,F = 2> transition. A
detailed description of our laser system can be found in [Busche, 2011] and the used
laser locking schemes are described in [Schnellbdcher, 2010]. The atom flux is fur-
ther increased by separately adjusting the pushing beam detuning to redirect atoms
traveling away from the science chamber. At the expense of comparatively high
laser pushing beam powers (40 mW), we use a pusher beam detuning of —43 MHz
(= 7T'.) with respect to the cooling transition, which allows us to address atoms
with velocity classes in the range of [0, —45 m/s| that would otherwise not contribute
to the atom flux [Holtkemeier, 2011].

Figure 3.5 illustrates the performance of the 2D-MOT which was evaluated with
absorption images taken at different times throughout the MOT loading phase. Fig-
ure 3.5 (a) shows the MOT loading rate determined during the first 100 ms of MOT
loading as a function of the Rubidium dispenser current. Changing the dispenser
current offers a simple way to control the Rubidium vapor pressure, which strongly
influences the atomic flux and in turn the MOT loading rate. A maximum loading
rate of (3.9 4 0.5) x 10°s™! (black data points) is found for a dispenser current of
3.2 A, while the flux is throttled for higher dispenser currents. This is consistent
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with [Dieckmann et al., 1998; Schoser et al., 2002; Catani et al., 2006; Chaudhuri
et al., 2006] who identified background gas collisions as a cause for this flux decrease.
The red data points in Fig. 3.5 (a) reveal that the use of the pusher beam improves
the flux by a factor of 12 + 2 (= ratio of both measurements). The influence of the
pushing beam is further elucidated in the main graph of Fig. 3.5 (b) which shows
the ratio between a MOT loading curve using the pushing beam (black data points
in the inset) and a MOT loading curve without the pushing beam (red data points
in the inset). The pushing beam is identified to cause a performance increase by
more than one order of magnitude for loading times shorter than 0.1s and to be less
efficient for longer loading times. For this reason, we typically load the MOT only

for 0.2s within which we trap ~ 3 x 10® atoms under optimum conditions.

3.4 Optimized three beam optical dipole trap

Once the atoms are trapped in the magneto-optical trap, they are transferred into
an optical dipole trap, which is superimposed with the MOT beams as illustrated
in Fig. 3.6 (a). The optical dipole trap is designed as a horizontally oriented three
beam trap, whose geometry is optimized for large trapping volumes and tight con-
finement [Faber, 2011]. To fulfill these seemingly incompatible requirements, we
decouple the loading from the evaporation process [Weber et al., 2002; Clément
et al., 2009; Jacob et al., 2011]. We use a large crossed reservoir trap with optimized
beam waists to directly load pre-cooled atoms from the MOT and an independently
controlled, tightly focused dimple trap to ensure high collision rates for efficient evap-
orative cooling. The dipole trap is generated from a 1 W single frequency solid-state
laser’ at 1064 nm (spectral linewidth (over 100 ms) ~ 1kHz), which is amplified
to 50 W by a fiber amplifier” preserving the spectral properties. Note that we do
not apply active intensity stabilization of the dipole trap laser system.

The cigar-shaped reservoir trap is realized by imaging the Bragg diffraction pat-
tern of an acousto-optic modulator (AOM) onto the atoms (see Fig. 3.6 (b)), using
an optimized 4 f imaging system. The imaging lenses were chosen such that the path
length is shorter than 4f, still guaranteeing a true (amplitude and phase) image of
the object plane [Faber, 2011]. With this imaging trick we obtain two horizontally
polarized Gaussian laser beams of 120 um waist, which are crossed under an an-
gle of 5.4°) and frequency shifted by the AOM frequency vaom (typically 80 MHz)

vInnoLight; Mephisto 1000
Vit Nufern; NuAMP single frequency monolithic PM fiber amplifier NUA-1064-PD-0050-A0
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Figure 3.6: Optimized three beam optical dipole trap. (a) Top view on science

chamber illustrating the beam geometry. 3 mutually orthogonal pairs of counter prop-

agating beams (A = 780 nm) are used for the magento-optical trap (MOT). 2 reservoir

beams and a dimple beam realize the dipole trap (A = 1064 nm). Probe (A = 780 nm)

and coupling (A = 480 nm) laser are aligned perpendicular to the dimple beam. Thanks

to a dichroic mirror, the probe light can be detected on a CCD camera. For clarity

optical elements are not shown. (b) Schematic of the reservoir trap. An adjustable

(double arrow) imaging system with a ~ 0.3 magnification is used to image the diffrac-

tion pattern of an acousto-optic modulator (AOM) onto the atom cloud. (c) & (d) show

absorption images of a single beam (AOM off) and crossed (AOM on) reservoir trap,

respectively after 2 ms of free expansion. The according integrated density distributions

are shown below. Using the same allover laser beam power (21.5 W) in both scenarios

the crossed beam trap confines almost one order of magnitude more atoms.
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to prevent laser beam interference. The usage of the AOM does not only simplify
the crossing alignment but also allows for dynamical power balancing of the two
intersecting reservoir arms. Most importantly the crossed geometry leads to a sig-
nificant enhancement of confinement along the symmetry axis of the reservoir. A
dramatic consequence of this is illustrated in Fig. 3.6 (c) & (d), where we compare
the performance of a single beam reservoir to a crossed beam reservoir, which are
both operated with the same total laser power of ~ 21.5W. We observe an atom
number increase and an accordingly higher density increase of almost one order of
magnitude from 4 x 10° to 3 x 10° (a detailed description of the loading of the dipole
trap will be given in Sec. 3.5.1). This approach seems to be more efficient than the
confinement improvement with a weak hybrid trap [Zaiser et al., 2011]. For a typical
laser power of 10.7 W in each reservoir beam we obtain a maximum reservoir depth
of Upres = kp x 145 pK.

A third independently controlled, vertically polarized laser beam with a waist of
23 pm is used as a ‘dimple’ beam which crosses the reservoir axis under an angle of
45°, thereby creating an anisotropic ellipsoidal trapping potential. With a typical
laser power of 2 W, we create an additional potential depth of Uy qimpie = kg %350 uK,
such that a major fraction of the atoms in the reservoir is transferred into the dimple
trap. An important feature of the combined trap is that the confinement along
the weak axis of the dimple is strongly increased by the presence of the reservoir

throughout the evaporation process.

3.5 Preparation of dense ultracold gases

Dense atomic or even quantum degenerate gases in flexible geometries have become
a key ingredient in Rydberg physics as they not only provide a tuning knob for
inter-atomic interactions but also procure large optical densities which in turn are
important for nonlinear optics using cold Rydberg gases [Pritchard et al., 2012].
Our solution to these requirements is described in this section which gives details
about the evaporative cooling (Sec. 3.5.1), the rapid production of Bose-Einstein
condensates (Sec. 3.5.2) and about the precise atomic density tuning over almost

four orders of magnitude (Sec. 3.5.3).

3.5.1 Characterization of the evaporative cooling ramp

Our experimental loading cycle is summarized in Fig. 3.7. It is optimized to max-

imize the atom number in the reservoir trap and typically begins with a 200 ms
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Figure 3.7: Typical experimental cycle for the preparation of dense ultracold
gases. Three tools are needed for realizing dense samples in fast duty cycles: (1) a high
flux atoms source (2D-MOT), (2) a magneto-optical trap (MOT) and (3) an optical
dipole trap. The cycle begins with 2D-MOT operation. The MOT is used to create pre-
cooled samples within three cooling phases. Colder temperatures and denser samples
are obtained by evaporative cooling in the dipole trap, done in three optimized stages.

MOT loading phase. Thanks to the high flux 2D-MOT we trap 3 x 10® atoms in the
magneto-optical trap, while the three beam optical dipole trap is already switched
on. The optimized MOT parameters are 125 mW total cooling power, a red detun-
ing of 19MHz (=~ 3T.), and a magnetic field gradient of 10.5G/cm. The 2D-MOT
is then switched off and the MOT is slightly compressed within 200 ms by a rise
of the magnetic field gradient to 14 G/cm and an increased red detuning of 25 MHz
(= 4T.). To further boost the density of the atomic cloud and hence to optimize the
loading of the optical dipole trap [Kuppens et al., 2000, we use a 150 ms temporal
dark MOT phase at constant magnetic field gradient [Townsend et al., 1996]. During
this phase, the detuning of the MOT cooling light is changed to —48 MHz (=~ 8T)
and the total cooling power is weakened to 11 mW. In the same time the power of
the repumping laser is reduced from 140 uW to 1 uW, yielding a sizable population
of the lower hyperfine ground state ‘55’1 12, F = 1>. To minimize atom loss due to
hyperfine changing collisions in the dipole trap, we finally pump all atoms into the
‘55’1 12, F = 1> manifold by turning off the repumping laser 2ms before the end of
the dark MOT phase. At this point, about 5 x 10 atoms have been transferred
into the reservoir trap at a temperature of approximately 50 K. This is an ideal

starting point for evaporative cooling [Ketterle and van Druten, 1996].
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Figure 3.8: Optimized evaporative cooling ramp. (a) Adiabatic lowering of the
dimple trap power. The evaporative cooling ramp is characterized at the points ‘A-G'.
The inset shows the according reservoir ramp. (b) Inferred phase space density gy versus
dimple atom number. The solid line is a power law fit to point ‘B-G’ amounting to a
cooling efficiency of Yeyap = 3.3 £0.3. The open square corresponds to the exclusive
use of the reservoir trap. (c) Shows the evolution of the atomic density (in situ) in the

combined trap during the evaporation ramp. The dashed lines serve as guide to the eye.

After 40ms of free evaporation we start a forced evaporation phase by adi-
abatically lowering the depth of the reservoir and the dimple trap. As the re-
thermalization time slows down during the forced evaporation due to the reduction
of the collision rate, it is favorable to lower the trap depth at decreasing pace dUy/dt
to keep the evaporation efficiency constant [O’Hara et al., 2001]. We achieve this
with a sequence of three exponential ramps (see Fig. 3.8: A—-C, C—E, E— Q)
with durations of 0.4, 4s, and 1s respectively. Their time constants have been op-
timized experimentally for the highest gain in phase space density gy [Faber, 2011].
We obtain optimum results for a dimple power reduction by two orders of magni-

tude, while the reservoir power is only reduced by a factor of ~ 25. The presence of
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a strong reservoir beam is necessary to provide a high confinement along the weak
axis of the dimple throughout the evaporation process.

To characterize the evaporation ramp we first investigate the temperature drop
as a function of the number of atoms which remain in the dimple trap. We find that
the temperature drops by a factor of ~ 100 while the atom loss only amounts to one
order of magnitude. The temperature reduction is for our experiment characterized
by T/T = (2.340.3) N/N. We assume a harmonic potential to calculate the atomic
density

ng = Nw*(mAgs/h)?, (3.1)

where w is the geometrical mean of the calculated trapping frequencies. With the
temperature 7' and particle number N at hand it is possible to deduce the phase
space density

00 = noNig o< NT 2. (3.2)

Here \gp is the thermal deBroglie wavelength. The black squares (A-G) in Fig. 3.8 (b)
show gg as a function of N. As compared to the exclusive use of the reservoir (blue
square (R)), we win approximately two orders of magnitude in phase space density
when confining the atoms in the combined trap ®. For later evaporation times (B-
G), we observe an increase in phase space density with decreasing atom number at

a constant cooling efficiency

Ln[oo/ 0]

evap — =3.3=%0. , .
Tevap = ~ Lo = 33403 (3.3)

as extracted from the solid line in Fig. 3.8 (b). This is in good agreement with
similar systems: ey, = 3.5 [Lauber et al., 2011}, Yepap = 2.8 £ 0.5 [Clément et al.,
2009]. We furthermore obtain a truncation parameter of T = Uy/kgT = 5.8 during
most of the evaporation, which is a typical value for the evaporation in an optical
dipole trap. The critical phase space density is reached with ~ 1 x 10° atoms in the
dipole trap. Thus the ratio of the atom number at the start of evaporation to the
atom number at the BEC transition N(t = 0)/N. =~ 40, which is in good agreement
with [Lauber et al., 2011]. Figure 3.8 (c) shows the evolution of the atomic density
(in situ) during the evaporation ramp. The combined trap allows us to maintain a
high density throughout the evaporation, since the confinement along the symmetry
axis of the trap is almost kept constant. After trap release, the density can be
continuously decreased by changing the time-of-flight of the gas, as will be discussed
in Sec. 3.5.3.

“The reservoir phase space density was calculated using a total reservoir laser power of 21.5'W.
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Figure 3.9: Bose-Einstein condensation transition. Upper row: Absorption images
of a thermal gas and two partially condensed gases, taken during the evaporation ramp
after a time-of-flight of 22ms. Lower row: Corresponding integrated atomic density
distributions (points). The second and third profile clearly show a bimodal structure
evidencing the onset of Bose-Einstein condensation. The red lines represent Gaussian
fits to the thermal fraction of the gas, whereas the blue lines are integrated Thomas

Fermi profiles quantifying the condensed fraction.

3.5.2 Bose-Einstein condensation

To achieve Bose-Einstein condensation, the dimple trap depth is decreased further.
At a trap depth of approximately 700 nK, the critical temperature T, = 260 nK is
reached and the gas undergoes the transition to a Bose-Einstein condensate [An-
derson et al., 1995; Davis et al., 1995]. This transition is shown in Fig. 3.9 which
depicts absorption images of three different atom clouds, that have been released at
different stages of the evaporation phase and expanded for a time-of-flight of 22 ms.
The first column shows a thermal gas while the second column indicates the onset
of condensation evidenced by the bimodal density distribution [Castin and Dum,
1996]. The trap typically holds ~ 1 x 10° atoms at this point. Further evapora-
tion leads to an almost pure condensate with ~ 2 x 10* atoms (see third column
in Fig. 3.9). Our condensates are spinor condensates with relative abundance of
0.5, 0.3, and 0.2 in the |mp = —1), |[mp = 0), and |mpr = +1) magnetic states of the
|551 12, F = 1> manifold, respectively, which could be purified with a spin distillation
technique to obtain a BEC in a single |mg) state [Couvert et al., 2008]. The best
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number achieved was ~ 2 x 10° atoms at the transition point and ~ 6 x 10* atoms
in a nearly pure condensate. Our shortest total cycle time which still produced a
BEC with ~ 8 x 10% atoms was around 4.5s. As the spatial extent of these BECs
is smaller than typical blockade radii (e.g. Rpi(|555)) ~ 5 pm) it should be possible
to realize fully blocked samples that only allow for the accommodation of a single

Rydberg excitation.

3.5.3 Precise atomic density tuning

Another aspect in the preparation of ultracold atom samples for Rydberg physics is
the accurate tuning of atomic density. For different temperatures and atom numbers
this can be done through ballistic expansion, which is one of the most important
means to control the interaction strength between subsequently excited Rydberg
atoms (compare Fig. 2.2). As exemplified here, this technique permits to bridge
almost four orders of magnitude in density as illustrated in Fig. 3.10 (a), which
shows data extracted from 91 absorption images of cold atom clouds, that have
been recorded after different expansion times ranging from 0.01 to 4.51 ms. In this
case the sample was always prepared at a temperature of 7' = 6.2 uK and consisted
of ~ 2.5 x 10* atoms. The data is compared to a ballistic expansion model which
nicely reproduces the extracted densities at long time-of-flights, but significantly
deviates for times shorter than 1ms. The discrepancy results from the finite reso-
lution of the imaging system (& 12 um Rayleigh criterion), which overestimates the
cloud dimensions shortly after trap release. We estimate the in situ 1/e* radii of
the ellipsoidal cloud to be 7. &= 56 um and rpqia ~ 2 pm which — for Rydberg
excitations after short expansion times — gives rise to quasi-one-dimensional Ryd-
berg gases since the radial cloud dimension 7,44 is smaller than typical blockade
radii Ry (]555)) ~ 5 pm. The cloud dimensions change according to the data shown
in the inset of Fig. 3.10(b) and correspond to a three-dimensional gas for long
time-of-flights.

The cloud expansion also affects the atom number inside the excitation volume,
which is defined by the intersection of the two excitation lasers that illuminate
the cloud along its radial direction. Figure 3.10 (b) illustrates the according atom
number decrease from 20 x 103 to 2 x 103 for an elliptical excitation beam with
dimensions ~ 50 x 100 ym (both FWHM). The underestimation of the atom number
for time-of-flights < 1 ms once again results from the finite resolution of the imaging
system. The experimental settings and the cloud characterization detailed here are

an important component of the experiments described in Ch. 6.
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Figure 3.10: Atom cloud parameters as a function of expansion time. (a) Atomic
density evolution of a 6.2 uK atom cloud. The data are extracted from 91 absorption
images taken at different time-of-flights (TOF). (b) The main graph illustrates the atom
number inside the Rydberg excitation volume, characterized by an elliptic excitation
beam cross-section (= 50 x 100 ym?) and the radial cloud length. The inset shows the
according cloud dimensions. The solid lines are solutions to a ballistic expansion model

accounting for the in situ l/e2 cloud radii 74421 = 56 pm and 7,450 & 2 pm.
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Control of density changes can also be accomplished by optical pumping, whereby
the density of atoms in the |55, F = 2, mp = 2) = |g) is accurately prepared. In this
case, the time-of-flight can be kept constant in order to maintain the size of excitation

volume. This approach was used to alter the Rydberg interaction in the experiments
described in Ch. 5.

3.6 Electric field control

At the center of the science chamber is a specially designed stainless steel electrode
assembly shown in Fig. 3.11, which was manufactured in the mechanical workshop
of our institute. The electrode structure was partly conceived in the framework
of a Masters-Thesis and is described in detail in [Miiller, 2010]. It is laid out not
to affect the optical access and allows for the realization of versatile electric field

configurations.

(i) Tt is for example possible to carry out three dimensional stray field com-
pensation with an anticipated background field of < 5mV /cm as simulated
by [Miiller, 2010]. This electric field stability is precise enough to hold Stark
shifts of Rydberg states with principal quantum numbers up to n* ~ 120
below 1 MHz as the required stability typically scales with 0.01(100/n*)7/2
V/cm [Saffman et al., 2010].

(#) Another aspect is the application of precisely controlled homogeneous fields or
gradient fields [Miiller, 2010].

(#i) Of equal importance is the application of large electric fields (up to 2 1.2kV /cm)
that are used to field ionize the Rydberg atoms for charged particle detection

as detailed in the next section.

(7v) Finally it can realize electric field ramps for state-selective detection [Walz-
Flannigan et al., 2004; Westermann et al., 2006; Reinhard et al., 2008a].

The electrode structure is attached to the science chamber with a DN160CF to
DN63CF reducing flange with 18 SHV connections ((8)) as shown in Fig. 3.11 (b).
An electrically grounded supporting structure ((1)) holds in total ten individually
addressable electrodes in place, which are used to control the electric field landscape
at the position of the atoms. The electrodes are divided into two deflection half rings
() and eight field plates as illustrated in Fig. 3.11 (a). The field plates are situated

at the extremes of a virtual cylindrical volume of height 44 mm and diameter 34 mm
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Figure 3.11: Electrode assembly for electric field control and for field ionization
of Rydberg atoms. (a) Schematic drawing of the electrode assembly. A grounded
supporting structure (1) holds two deflection rings (2) as well as four upper (3) and four
lower (4) field plates in place, that are used to control the electric field landscape at the
position of the atoms. Charged particle detection is possible with either a micro-channel
plate (MCP) (5) or a channel electron multiplier (CEM) (6) detector. (b) Photograph
of the stainless steel structure which also shows the Faraday cages (7) that surround the
detectors and the vacuum flange with 18 high voltage connections. The position of
the atom cloud and the orientation of the dipole trap are sketched on the photograph.
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and are arranged such that four field plates are situated ‘above’ ((3)) and ‘beneath’
(@) the Rydberg gas, respectively. Each field plate resembles a quarter cylinder
segment with an inner radius of 15mm, a height of 8 mm and a wall thickness of
2mm. The shape and separation of the field plates were optimized with extensive
SIMION-simulations to achieve the best electric field homogeneities at the position
of the gas. The simulated field deviations are < 5% in a volume of 1 mm? [Miiller,
2010].

We use bipolar high voltage switches (Behlke) with an effective rise time of
~ 300ns to dynamically control the electric fields and to perform field ionization
of Rydberg atoms. Half-ring-shaped deflection electrodes (@) are used to guide
the produced ions on a curved trajectory into either a micro-channel plate (MCP;
(5) detector or a channel electron multiplier (CEM; (6)) as shown in Fig. 3.11 (a).
The CEM and the Chevron-MCP both have a circular detection area of 180 mm?.
The two detectors are mirror-symmetrically installed above the upper field plates to
maintain optical access in the horizontal plane of the experiment. To minimize the
stray fields caused by their ~ 2kV bias voltages, both detectors are mounted inside
Faraday cages (see (7) in photograph in Fig. 3.11 (b)). As the detector has no direct
line of sight to the trapping region, we obtain absolutely background-free detection

signals.

3.7 Rydberg atom detection

The most frequently used Rydberg atom detection technique is field ionization in
combination with charged particle detection by micro channel plates. Being by its
nature globally invasive, the technique usually reveals insight to averaged ensemble
properties. It thereby requires involved extensions to infer spatial information from
the sample [van Ditzhuijzen et al., 2006]. Spatial correlations in dilute Rydberg gases
could only recently be studied with a combination of field ion microscopy method
and a MCP-based imaging detector [Schwarzkopf et al., 2011].

An alternative approach is optical detection which progressed recently. A de-
structive technique was pursued by Schauf et al., who used a down-stimulation of
Rydberg atoms to ground state atoms which, could subsequently be detected using
fluorescence imaging, giving direct access to spatial excitation patterns of up to five
Rydberg atoms [Schauf} et al., 2012]. Non-destructive optical probing of Rydberg
states was pioneered by C.S. Adams and coworkers, detecting Rydberg EIT with
conventional photodiodes [Mohapatra et al., 2007; Pritchard et al., 2010] and was
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lately extended to spatially resolved detection with CCD cameras [Tauschinsky et al.,
2010; Hattermann et al., 2012; Hofmann et al., 2012]. We recently proposed a novel
all-optical and non-destructive imaging method, which can be readily implemented
in current experiments and is aimed to resolve individual Rydberg atoms [Giinter
et al., 2012].

In this section we focus on the combination of both field ionization assisted
Rydberg detection as well as spatially resolved optical probing using Rydberg state

electromagnetically induced transparency.

3.7.1 Field ionization and few ion counting

Rydberg atoms can be detected by applying large state-dependent ionization fields,
ranging from £ x~ 700V /cm for n = 30 to £ ~ 6V/cm for n = 100, that
convert Rydberg atoms to ions. The ions are afterwards detected on a micro-channel
plate detector (MCP) giving rise to time-resolved ion traces which are recorded
on a fast oscilloscope with a time resolution of 0.1ns. The observed pulse height
distribution typically spans between 0.03V and approximately 0.6V.

Dependent on the density of ion events, we apply two different analysis methods
to extract the Rydberg population. For large ion numbers typically exceeding ~ 20
ions it is not possible to resolve single ions, therefore the ion traces are integrated.
On the contrary, in the few ion regime in which we clearly distinguish discrete
voltage pulses from a background noise level, ion counting becomes feasible since
the probability of two overlapping events is negligible (< 1%), as shown in Fig. 3.12.
To count individual ions, we employ a sparse spike deconvolution of the signal which
is based on an orthogonal matching pursuit (OMP) algorithm [Rebollo-Neira and
Lowe, 2002]. The basic idea of this algorithm is to represent each ion trace Z(t) as a
weighted sum Z(t) = Y ._, ¢;a;(t) of functions a;(t) that belong to an over-complete
dictionary. Here ¢ is the arrival time, ¢ indexes the dictionary elements a;(t) that
have been chosen to match the signal, and ¢; are their weighting factors. For a
given dictionary, the algorithm first searches for the a;(t) that has the largest inner
product with Z(¢) (i.e. the locally optimal choice), and then computes the residual
of the chosen dictionary element and the signal. This is repeated until the residual
falls below the detection threshold 7 (0.02V for the presented data), resulting in
a satisfactory signal decomposition. To define a dictionary element a;(t) we fit a
generalized peak function to 250 isolated single ion events, each of them being the
most prominent peak of an ion trace. The median of each of the fit parameters is

then used as an input parameter for the generalized peak function thus describing the
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Figure 3.12: lon detection signal demonstrating single ion sensitivity. The main
figure depicts an ion trace (green). The red line shows a sparse spike deconvolution
of the signal, which is used to model the data. To count the number of detected
ions, the derivative of the smoothed signal is taken and the number of sign changes
are counted (from negative to positive), if the according peak position falls below the
-0.02V detection threshold (dotted line). The inset shows a detail of this ion trace.

Black points indicate peak positions of identified ion events.

ideal single ion event a;(t). In particular we obtain a pulse width of 1.1ns (FWHM).
The dictionary elements are equitemporally spaced by 0.2 ns which is comparable to
the oscilloscope resolution and the dead time of a single MCP channel. As illustrated
by the inset of Fig. 3.12, the OMP algorithm is used to smooth the ion traces in order
to suppress fluctuations which occur on timescales faster than our MCP temporal
resolution. We then take the derivative of the decomposed signal and count the
number of sign changes (from negative derivatives to positive derivatives), which
in turn corresponds to the number of detected ions. From the ion-pulse-height-
distribution of the resultant ion trace, we infer a counting efficiency of 0.9, which
combined with the MCP detection efficiency (= 0.6), angular responsivity (= 0.9)
and guiding efficiency (= 0.6) gives an estimate of the overall efficiency of D = 0.4.

3.7.2 Combined ion and optical detection of Rydberg atoms

The previously introduced Rydberg detection technique is now extended to optical
probing of Rydberg states using Rydberg state electromagnetically induced trans-
parency (see Sec. 2.3.2) which is demonstrated with the combined application of
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these techniques. In the experiments detailed here, we chose the three-level ladder
system depicted in Fig.3.13 (a), with: |g) = |5Sl/2, = 2> le) |5P3/2, = 3>, and
Ir) = ‘4051 /2>. For simplicity we restrict ourselves to a regime of experimental pa-
rameters in which Rydberg—Rydberg interaction effects on the EIT [Pritchard et al.,
2010; Schempp et al., 2010; Sevingli et al., 2011a] can be neglected. This is ensured
by the preparation of dilute clouds with atomic peak densities of ng = 2.2x10% cm =3,
containing N ~ 2.4 x 10° atoms which are distributed over an elliptical volume
characterized by ragia = 75 £ 3 um and 7. = 280 + 10 um. The Rydberg state
is reached via resonant two photon excitation, in which the 480 nm coupling laser
(see Fig. 3.13 (a)) is frequency stabilized using frequency modulation spectroscopy
involving Rydberg EIT in a room temperature vapor cell [Abel et al., 2009; Miiller,
2010]. The weak 780 nm probe laser covering the first excitation step homogeneously
illuminates the atom cloud, while the counter propagating coupling beam is focused
onto a small circular region (diameter ~ 50 um) defining the excitation volume.
Both lasers have opposite circular polarization such that a three level scheme can be
prepared by optical pumping in a magnetic bias field. The probe light is collected
on a CCD camera for optical detection (see Fig. 3.1) during the 100 us excitation
time. The imaging system has a 3.6-fold magnification and an optical resolution of
~ 12 pm (Rayleigh criterion).

The mapping of the Rydberg state properties onto the light field can directly be
seen on the recorded absorption images: on the two photon resonance we observe a
local transparency due to the presence of the coupling beam (see Fig. 3.13 (b)). To
quantify the transparency in the excitation volume, we postprocess all absorption
images using a fringe-removal algorithm to reduce the imaging noise [Ockeloen et al.,
2010] and fit a double peak function G(z,vy) = Geaoua(z,y) — Grrr(z, y) to each post-
processed image. The profile of the atom cloud is described by a Gaussian Gejoua (1, ¥)
and its extrapolation allows us to infer the local optical density at the position of
the excitation volume. A second Gaussian fit Ggrr(x,y), defined to be centered
around (0,0), analyses the reduction of the optical density due to the presence of
the coupling laser. In particular we conclude from Fig. 3.13 (b) that the coupling
beam causes a ~ 75% reduction of the two level absorption in the excitation volume.

Before we turn off the excitation lasers, we ramp up the electric fields to £ ~
250V /em within 300 ns, which serves two purposes: On the one hand side it freezes
the Rydberg excitation dynamics and on the other hand it field ionizes Rydberg
atoms, resulting in a destructive measurement of the dark-state population [Schempp
et al., 2010]. The ionization fields have been tailored such that the produced ions are

guided towards the MCP detector. A corresponding ion trace is shown in Fig. 3.13 (c)
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Figure 3.13: Rydberg EIT as a tool for combined Rydberg state detection by
optical imaging and field ionization. (a) Energy level diagram with €, (€2.) the Rabi
frequency and A, (A.) the laser detuning of the 780 nm probe (480 nm coupling) laser.
I'. and T, are spontaneous decay rates of the intermediate state |e) and the Rydberg
state |r), respectively. (b) Absorption image of the atomic cloud after a free expansion of
600 us. The presence of the resonant coupling beam induces a transparency of ~ 75% in
the center of the excitation volume. (c) lon detector signal of the field ionized Rydberg

ensemble recorded during the same experimental run.

and reveals that most of the ions arrive in a bunch after a time-of-flight of ~ 4.5 us.
In the measurements presented here we typically collect more than ~ 50 ions which
give rise to overlapping ion pulses, such that we relate the Rydberg population to
the integrated MCP signal.

To study the interplay of the two detection techniques we investigate Rydberg
EIT by probing the spectral response of the EIT medium. This is done by scanning
the frequency of the weak 780 nm probe laser. By locally analyzing the absorption
images from a single frequency scan we simultaneously obtain the two spectra shown
in Fig. 3.14 (a). The red data points are deduced from Gouq(0,0) and correspond to
the two level response of the atoms. The EIT window, illustrated by the blue data
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Figure 3.14: Combined optical and ion detection. (a) The two level response
(red) and the EIT spectrum (blue) agree well with a fit to the imaginary part of the
optical susceptibility (solid lines), revealing a local coupling Rabi frequency ./2m =
(4.8 £ 0.2) MHz. (b) Field ionization spectrum (green) measured in the same scan.
The dashed line is a numerical solution to the optical Bloch equation using €)., which
fails to describe the data. Since field ionization is a macroscopic ensemble averaged
measurement, the effective Rabi frequency, averaged over the coupling beam profile has

to be used to reproduce the measurement (solid line).

points is inferred from Ggouq(0,0) — Grrr(0,0). The spectral probe laser response of
the medium is given by the imaginary part of the optical susceptibility x. In the
weak probe limit (i.e. 2, < Q. &T'.) this is given by the analytic expression [Giinter
et al., 2012]

il
T -2,

X=a (3.4)
Here, a is the peak optical density and I',. is the combination of the spontaneous
decay rate of the Rydberg state and a laser-induced dephasing rate. A = A, + A,
is the two photon detuning. As discussed in Sec. 2.3.2, for Q). = I', = 0, i.e.
no coupling to the Rydberg state, the imaginary part of the optical susceptibility
encapsulates the Lorentzian response of the two level system, which agrees well with
the red data points in Fig. 3.14 (a). From the fit we obtain a spontaneous decay
of the intermediate state of I'./2m = 5.9 & 0.1 MHz which is in agreement with
the natural linewidth of the |5P/) state of Rb. Using this and the fitted A,
as input parameters we fit the full expression of the imaginary part of the optical
susceptibility to the EIT spectrum shown in Fig. 3.14 (a). This way we obtain for the
two local peak Rabi frequencies Q. /271 = 4.8+ 0.2 MHz and Q,/27 = 2.2+ 0.3 MHz,
and the decay rate of the Rydberg state I',, /2m = 0.9 4+ 0.2 MHz.

The field ionization spectrum recorded during the same scan (Fig. 3.14 (b)) pro-
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vides direct access to the Rydberg population. The dashed line shows a numerical
solution to the optical Bloch equation using the parameters determined above as in-
put parameters. We note that the predicted resonance feature is significantly broader
(=~ 5.5 MHz) than the measured spectrum, which only has a width of ~ 1.7 MHz.
The discrepancy lies in the nature of the two detection techniques and can be un-
derstood by bearing in mind that the field ionization is a macroscopic, integrated
measurement, whereas the optical technique gives access to microscopic properties
of the system due to its spatial resolution. In particular a local Rabi frequency €2,
was used to reproduce the optical spectra shown in Fig. 3.14 (a), which results in
the prediction of a power-broadened field ionization resonance and is hence inappro-
priate to explain the macroscopic measurement shown in Fig. 3.14 (b). Instead it is
necessary to account for the spatially varying intensity distribution of the focused
blue coupling beam which redounds to a spatially dependent steady state Rydberg
population. Spatially averaging over the Gaussian coupling beam profile finally gives

perfect agreement with the field ionization spectrum.

3.7.3 Spatially resolved optical Rydberg state probing

The previous section revealed that Rydberg EIT in combination with absorption
imaging offers an ideal tool to optically investigate microscopic properties of the Ryd-
berg gas. This is possible by analyzing the images not only in the very center of exci-
tation volume but throughout the coupling beam profile using ~ 1000 camera pixels.
Since the coupling laser intensity and the atomic density are spatially dependent,
this constitutes effectively ~ 1000 parallel measurements. This is demonstrated in
Fig. 3.15 showing the spatially resolved analysis of a probe frequency scan, which
was acquired in the noninteracting regime involving |555) Rydberg states. Clouds
of typically 1.7 x 10° atoms have been released from the dipole trap to expand to
almost spherically symmetric clouds (rpagia = 106 £ 8 pm, 7,350 = 145413 pm) with
atomic peak densities of ng = (5.040.1) x 10° cm 3. These cloud dimensions ensure
that the atomic density and the probe Rabi frequency are approximately constant
within the excitation volume, such that the intensity of the focused coupling beam
is the only spatially varying quantity giving rise to a spatially dependent spectral
EIT response. For each camera pixel 7 it is thus possible to extract a local coupling
Rabi frequency O which is in turn related to the local coupling beam intensity by
19 (Q@)é Such a spatially resolved EIT analysis is illustrated in Fig. 3.15 (a)
showing 500 EIT spectra, recorded in parallel which have been extracted from 81

absorption images acquired during a probe laser frequency scan covering a range of
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Figure 3.15: Spatially resolved optical Rydberg state probing. (a) 500 simul-
taneously recorded [555) Rydberg EIT spectra extracted from 500 camera pixels in-
side the transparency region. The colorbar represents the peak optical density (OD).
The according fitted optical response with global input parameters I', /27 = 5.6 MHz,
I'./2m = 1.6 MHz and A./27 = —0.7 MHz, but free ) is depicted in (b), whereas
(c) shows the fitted O for each pixel. The red line is a moving average over the gray
data points with a window size of 20 pixels. (d) The blue (red) curve shows an averaged
EIT spectrum generated from the first 100 (500) pixels in (a).

A,/2m = £10 MHz. All pixels have been sorted according to their distance to the
center of the transparency region. The measurements nicely agree with a fit using
the imaginary part of Eq. (3.4), as demonstrated in Fig. 3.15 (b). To extract 00 we
used the following separately determined global input parameters I', /27 = 5.6 MHz,
I'./2m = 1.6 MHz and A./27 = —0.7 MHz. Figure 3.15 (c) shows the local coupling
Rabi frequency is versus pixel indices, where higher pixel indices correspond to spa-
tial regions further away from the coupling beam center. We find that O decreases
for increasing pixel numbers, which is expected as the laser beam intensity decreases
radially. Figure 3.15 (c) also reveals the existence of a region corresponding to = 100
pixels in which the determined local coupling Rabi frequencies are almost constant
with an averaged Rabi frequency of O = 4.340.5 MHz. An EIT spectrum averaged
over the respective first 100 spectra is shown in Fig. 3.15 (d) as blue line. Averaging

over the first 500 spectra, thereby including the inhomogeneity of Rabi frequencies,
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Figure 3.16: Reconstructed coupling beam profile. (a) The ‘landscape’ of local

Rabi frequencies Qgi)

is reconstructed from ~ 1000 camera pixels and is proportional
to the square root of the coupling beam intensity distribution. The white lines enclose
regions of interest, used to generate the beam cross-sections shown in (b). The vertical
cross-section (black line) is averaged over 6 columns of pixels, while the horizontal
cross-section (red line) is averaged over 4 rows of pixels. A histogram of the local Rabi

frequencies Q% is shown in (c).

significantly decreases the contrast of the EIT window, as demonstrated by the red
solid curve in Fig. 3.15(d).

To minimize this inhomogeneity problem, we employed a diffractive optical ele-
ment (DOE), which is designed to convert a Gaussian beam profile into a flat-top
beam profile, as described in detail in [Reetz-Lamour et al., 2008]. To quantify
the DOE performance, we assigned each local Rabi frequency to the correspond-
ing pixel position. This way it is possible to generate a coupling Rabi frequency
landscape, which is proportional to the square root of the coupling beam intensity
profile. An example — extracted from the above mentioned measurements — is
shown in Fig. 3.16 (a), which reveals an elliptical beam profile whose averaged cross-
sections in horizontal and vertical direction suggest an almost top-hat-shaped Rabi
frequency distribution with horizontal and vertical diameters (FWHM) of ~ 60 ym
and ~ 100 pum, respectively (Fig. 3.16 (b)). Such reconstructed beam profiles were
used to optimize the position of the DOE to ensure maximum homogeneity of the
coupling beam. This is favorable since the local steady state Rydberg population
(o 2/ (Q2)2) as well as the excitation dynamics vary significantly throughout the
excitation volume as a consequence of the spatially changing coupling beam pro-
file. A histogram of the local Rabi frequencies of the reconstructed beam profile
is depicted in Fig. 3.16 (¢), which shows a local minimum at intermediate 0 and
a second maximum at larger Qg), as expected for an almost top-hat-shaped beam
profile.






Chapter 4

Evidence of antiblockade in an

ultracold Rydberg gas

This chapter is based on the following publication®:

Evidence of Antiblockade in an Ultracold Rydberg Gas
T. Amthor, C. Giese, C. S. Hofmann, M. Weidemiiller
Physical Review Letters 104, 013001 (2010)

The excitation blockade is one of the most striking effects originating from strong
Rydberg-Rydberg interactions in resonantly driven systems. FEarly experiments
investigated the bulk properties of Rydberg blockaded gases revealing substantial
Rydberg excitation suppression [Tong et al., 2004; Singer et al., 2004; Vogt et al.,
2006; Vogt et al., 2007], collective excitation effects [Heidemann et al., 2007], or
sub-Poissonian counting statistics [Reinhard et al., 2008b; Viteau et al., 2012]. Only
recently a microscopic analysis of Rydberg interacting gases has become possible,
unveiling the strongly correlated many-body states emerging when atoms are trans-
ferred to Rydberg states [Schwarzkopf et al., 2011; Schaufl et al., 2012]. Using an
all-optical imaging technique Schauf} et al. directly accessed the spatial excitation
patterns of up to five Rydberg atoms which are observed to arrange in well de-
fined geometries but random orientations [Schaufl et al., 2012]. A theoretical study
recently predicted the dynamical formation of floating Rydberg excitation crystals

also for off-resonant laser driving, allowing an adjustment of the lattice constants

‘In contrast to all other experimental results presented in this thesis, the experiments described
in this chapter were obtained with our former experimental apparatus and were still performed at

Freiburg University.
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Figure 4.1: Rydberg pair selection in an ultracold gas by detuned laser excitation.
(a) The energy level diagram of attractively interacting Rydberg pairs |rr) illustrates
that a red detuned (A < 0) excitation is exclusive to Rydberg atom pairs with a specific
pair distance, approximately given by the radius R. (b) This creates structure within an
initially unordered gas. Note that this method is also applicable to repulsively interacting
Rydberg states for blue detuned excitation. (c) lllustration of the Penning ionization
mechanism. Two attractively interacting Rydberg atoms (X**) separated by R, are
accelerated towards each other (1)& (2). Collisional ionization produces one ion (X¥)
and one electron (e~) and de-excites the other Rydberg atom (X*) (3). This way the

pair separation is translated into an ionization time.

through the laser detuning [Gérttner et al., 2012]. A similar mechanism is illustrated
in Fig. 4.1 (a) which shows that negative detunings A can partially compensate the
attractive interaction, such that certain Rydberg pair separations R are preferred.
Making use of detuned excitation, one is thus able to directly manipulate the Ryd-
berg pair distribution and in particular to excite Rydberg atom pairs separated by
less than the blockade radius. Appropriately this concept is called ‘antiblockade’
which has recently been proposed by Ates et al. [Ates et al., 2007a).

The antiblockade can be realized via a three-level two-photon Rydberg excita-
tion scheme where the van der Waals interaction energy at a given atomic distance
corresponds to the Autler-Townes splitting induced by the lower transition. By ex-
ploiting the blockade and antiblockade in a controlled way, spatial correlations can
be imposed on the excited atoms in an otherwise randomly arranged ultracold gas.
Specific pair distances can thus be preferred or suppressed, which is of particular
interest not only for quantum information [Saffman et al., 2010], but for a variety of
applications involving controlled interactions, such as resonant energy transfer [An-
derson et al., 1998; Mourachko et al., 1998; Westermann et al., 2006; van Ditzhuijzen
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et al., 2008], or the creation of long-range molecules [Boisseau et al., 2002; Over-
street et al., 2009]. Other experiments used small optical dipole traps to fix the
distance between Rydberg atoms [Urban et al., 2009; Gaétan et al., 2009], but this
technique does not allow to prepare a large number of pairs at a specific range of
distances simultaneously.

In the characterization of the antiblockade phenomenon Ates et al. considered a
lattice with fixed lattice constant, while tuning the interaction strength between the
Rydberg atoms by changing the principal quantum number n [Ates et al., 2007a].
An increased two-photon Rydberg excitation probability in a three-level scheme
was predicted when the interaction energy and the coupling Rabi frequency (2.
match. In our experimental demonstration of this effect, a complementary approach
is followed. Starting from an unstructured gas, we show that atomic pairs can be
resonantly excited even at inter-atomic separations where the atomic interaction
shift is much greater than the excitation linewidth. While keeping the quantum
number fixed, the interaction strength is instead matched by picking specific atom
pairs with appropriate inter-atomic distances (see Fig. 4.1(b)). Our method of
measuring this pair distribution modification due to the antiblockade is illustrated
in Fig. 4.1 (c) and is based on the dynamics of atomic pairs under the influence of
the forces exerted by the interactions, as explored in [Amthor et al., 2007b]: Once a
pair of Rydberg atoms is excited on an attractive van der Waals potential, the atoms
will be accelerated towards each other and collide after a time .o < \/mli’4,
depending on their initial distance R and the interaction strength C [Gallagher and
Pritchard, 1989; Amthor, 2008]. These collisions can lead to Penning ionization as
explained in Sec. 2.2.2. In particular, the collision times of close pairs are shorter
resulting in Penning ionization at shorter times. By measuring the number of ions
produced after a variable time At we are able to identify even slight modifications in
the nearest-neighbor distance distribution without performing a spatially resolved

measurement.

4.1 Detuned laser excitation of interacting Ryd-

berg atoms

We describe the system in terms of an interacting two-atom system with the three
atomic levels |g), |e), |r), corresponding to the |55) ground state, the |5P) interme-
diate state, and the |62D) Rydberg state of 8’Rb, respectively. The calculations are

based on the two-atom Hamiltonian H = H, + Hint, where H,; represents the cou-
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plings within the three-level systems and Hin, = Uit (R) |77) (r7| is the van der Waals
interaction between two Rydberg states with Up,(R) = —CgT /RS (see Sec. 2.3.3).
The interaction of atoms with non-vanishing angular momentum leads to a large
number of interaction potentials due to the many possible symmetries. We intro-
duce an effective van der Waals interaction coefficient Cg to reduce the calculation
to a three-level system [Amthor et al., 2007b]. We solve the Master equation for
the density matrix, p = —%[H, p] + L(p) + La(p), where L(p) contains the decay of
the intermediate state I'. &~ 27 x 6 MHz and L4(p) contains the two laser linewidths
(= 2m x 1 MHz) as additional dephasing terms, as explained in Sec. 2.3.1. The
spontaneous and blackbody-induced decay of the Rydberg level as well as black-
body photoionization can be neglected here because the timescale of observation
is well below the timescale of these processes for the Rydberg state chosen in the
experiment [Beterov et al., 2009a; Beterov et al., 2009b)].

In the following — as an exception in this thesis — we make use of an inverted
system, with the strong coupling (2. being realized on the lower transition |g) — |e)
as shown in the energy level diagram in Fig. 4.2(a). We introduce the detuning
from the Rydberg state A, and the Rabi frequency €2, for the upper transition with
Qe > O, .. The dressed eigenenergies of two interacting three-level systems are
given explicitly in Fig. 4.2 (a) for the limiting case of |A,| > (1, and are plotted
in Figs. 4.2 (b)-(d) (upper graphs) as a function the probe laser detuning A, for
three different interaction energies Uy,. Lines with slope —1 correspond to levels
containing one Rydberg excitation, while lines with slope —2 (highlighted in red)
are primarily of |rr) character. At the avoided crossings the Rydberg states are
populated, resulting in the Autler-Townes doublet introduced in Sec. 2.3.2.

Calculated Rydberg excitation spectra for pairs at three different separations,
i.e. for three different interaction energies, are depicted in Figs. 4.2 (b)-(d) (lower
graphs). Without interaction (atoms far apart), a symmetric Autler-Townes spec-
trum is visible (Fig. 4.2 (b)) and the population of |rr) (red dotted line) is equal
on both peaks. An interaction energy of Uy = Q./2 (Fig. 4.2(c)) causes a con-
siderable blockade of excitation, with the population of the Rydberg pair state |rr)
being completely suppressed at the two resonances, but slightly enhanced on the red
wing of each excitation line. In the corresponding energy diagram, the state having
predominantly |rr) character is shifted. If Uiy is further increased to match the
lower Rabi frequency Q. (Fig. 4.2 (d)), the doubly excited state |rr) is again popu-
lated at A, = —€)./2, but is still completely suppressed at A, = +€)./2. As can be
seen in the energy diagram, the state experiencing the interaction shift now crosses

zero at A, = —€./2, while there is no possible coupling any more for A, > 0. A
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Figure 4.2: Eigenenergies and calculated Rydberg excitation spectra. (a) Energy
level diagram and dressed pair state energies for |A,| > Q. with |£) = (|e) £ |g))/V/2.
(b) - (d) Eigenstates (upper graphs) and calculated Rydberg excitation (lower graphs)
as a function of A, for fixed pair distance corresponding to Uin, = 0, Uint = Q¢/2,
Uit = €L, respectively. The Rabi frequencies are ). = 27 x 100MHz and €, =
21 x 10 MHz. For |Ap| > ) the states approach the ones shown in (a). The states
having predominantly |rr) character are highlighted in red. In the excitation spectra,
the solid blue lines represent the total Rydberg population per atom, while the dashed
red lines show the population of the Rydberg pair state |rr). The dotted line in (d)
is the total population scaled by a factor of 10. Parameters and excitation laser pulse
shapes used in the model calculations correspond to the experimental settings.
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slight enhancement of excitation can also be observed at A, = 0 (see dotted curve).
The antiblockade discussion in [Ates et al., 2007a] is restricted to this peak at zero
detuning. Introducing a finite detuning of A, = —€./2, the antiblockade effect
becomes much more pronounced. In addition, it is now possible to directly compare
a blockaded regime (accessed with positive detuning) with an antiblockaded regime
(accessed with negative detuning) in a single spectrum.

In order to predict the outcome of a measurement in an unstructured cloud, one
determines weighted averages of spectra at different inter-atomic spacings represent-
ing the actual distribution of nearest-neighbor distances [Hertz, 1909]. The results of
such a calculation for our experimental parameters is presented in Fig. 4.4 (a) & (c).
The same scaling factor is used for all graphs to match the experimental detec-
tor signal of the Rydberg excitation. The upper graphs (black) represent the total
Rydberg excitation with contributions of atom pairs containing a single Rydberg
excitation |gr), |rg), |er), |re), and Rydberg pairs |rr), averaged over all nearest-
neighbor distances. The latter ones undergo Penning ionization on a microsecond
timescale and are thus sensitive to the applied detection technique. That is why
the lower graphs (red) show only the population of |rr) as an average of all pair
distances at which the atoms are undergoing Penning ionization within the specified
time delay A;. This implicitly assumes that each collision leads to Penning ioniza-
tion with unity probability. As expected from Fig. 4.2 (d), one finds a pronounced
asymmetry of the two Autler-Townes components. Due to the attractive character
of the interaction potential, ions appear first on the red-detuned wings of each of
the |62D5 /2> lines [Amthor et al., 2007b]. The collision time depends mainly on the
long-range part of the attractive interaction potentials, where the atom pairs spend
most of their time. This is why one does not require exact knowledge of the inner

part of the potentials.

4.2 Evidence of antiblockade

In the experiment, atoms confined in a magneto-optical trap are excited to the |62D)
state with a 50 ns pulse of the upper transition, while the lower transition laser is
turned on with a fixed Rabi frequency €, > ,. The 780nm coupling laser illu-
minates the whole trapped atom cloud, and the 480 nm probe laser is focussed to
a waist of 37 um, resulting in a peak Rabi frequency of Qge“k = 27 x 10.6 MHz in
the center. After a variable delay time At, an electric field ramp is applied to drive

the ions onto a micro-channel plate detector. Ions already present due to Penning
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Figure 4.3: Timing of the experiment. Atoms are released from the magneto-optical
trap (MOT) and excited to Rydberg states by the two excitation lasers (€2 and €2;,)
after a time-of-flight t7or. An electric field ramp is applied to guide the ions onto a
micro-channel plate (MCP) detector. lons already present due to Penning ionization
are detected first, while the remaining Rydberg atoms are only ionized when the electric

field exceeds the ionization threshold &(>).

ionization are detected first, while the remaining Rydberg atoms are only ionized
when the field is strong enough and can thus be distinguished in the detector signal,
as illustrated in Fig. 4.3. The experimental cycle is repeated every 70 ms. Each cycle
yields one data point in the measured Rydberg and ionization spectra presented in
Fig. 4.4 (b) & (d). The structure of the ‘62D3/2> and ‘62D5/2> lines appears twice
in the spectrum, separated by the coupling Rabi frequency €).. We restrict our dis-
cussion to the spectral features of the |62D5 /2> state, as the |62D3 /2> state is barely
excited. Excellent agreement between our model and the measurements is found
for an effective attractive vdW interaction with C§T = 5 x 10?° a.u. This value is
consistent with long-range potential calculations for the state ‘62D5 /2> which yield
values of the same order of magnitude for all possible molecular symmetries [Singer
et al., 2005]. In accordance with theory, there is a clear asymmetry between the
two Autler-Townes components. The ionization is stronger and starts earlier on the
component which appears for negative detunings (A, < 0), evidencing the antiblock-
ade, which corresponds to the excitation of close — otherwise blocked — Rydberg
atom pairs. Clearly, the excitation of close pair states is markedly suppressed for
the peak at positive detuning corresponding to the blockaded scenario. The con-
tribution of these Rydberg pairs |rr) at short distances, which are subject to early
Penning ionization, is hardly discernible in the total Rydberg signal (upper graphs
in Fig. 4.4 (a)-(d)), highlighting the sensitivity of the applied detection technique.
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Figure 4.4: Comparison between calculated and measured [62D) Rydberg ex-
citation spectra and ionization spectra. Left column: Model calculations for (a)
Q. = 27 x 100MHz, and (c) Q. = 27 x 150 MHz, and a density of the trapped
ground state atoms of n = 7 x 10° cm™3. Right column: measurements for the same
parameters, respectively. The upper graphs in each set (black) show the Rydberg pop-
ulation directly after excitation. Below (red) the ion signal at different delay times is
shown, offset vertically for clarity. The respective delay At is indicated at each trace.
In both model and measurement, ions appear earlier on the red-detuned Autler-Townes
component, and the asymmetry is more pronounced for smaller .. A red-shift of the
maximum ionization relative to each peak in the excitation spectrum is always clearly
visible. Vertical lines have been drawn at £50 MHz and £75 MHz to emphasize this.
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The distinctness of the asymmetry depends on the availability of atom pairs
for which the interaction potential corresponds to €2.. As the ground state pair
density for a separation R is proportional to R?, more pairs are available at larger
distances, which is why the asymmetry becomes more pronounced for smaller Rabi
splittings Q. [Amthor, 2008]. We have verified this with additional measurements
and calculations at Uiy, = 27w x 150 MHz (see Fig. 4.4 (c) & (d)) and at Uy = 27 X
62 MHz (not shown). In all calculations and measurements, the asymmetry of the
two peak heights also consistently decreases as the ion peaks grow with time, since
only a small number of close pairs is responsible for the asymmetry observed at
short times At. As a result of these large Rabi couplings ). we specifically access
and probe variations of the pair distances shorter than the average atoms distance
in the cloud. This allows us to describe the system in terms of nearest neighbors
and to neglect many-body effects.

The underestimation of the peak widths in the simulation can be explained by
the fact that we did not consider the spatial intensity profile of the upper excitation
laser but instead only used the Rabi frequency present in the center of the beam
to minimize calculation time. Averaging over the radial distribution of coupling
Rabi frequencies has been found to account for a slight broadening of the excitation
peaks [Deiglmayr et al., 2006]. We observe that a small number of ions appear
already at very short times (0.55 us), before the first collisions are predicted by our
model. This instant ionization might be attributed to a sequence of near-resonant
dipole—dipole transitions for which one atom is coupled to the continuum while the
other atom looses energy, similar to a molecular auto-ionization process [Tanner
et al., 2008].

4.3 Engineering of Rydberg pair correlations

In this chapter, we have observed and modeled the effects of an antiblockade in an
interacting Rydberg gas excited with a strong coupling laser at the lower transition
of a three-level system. We used time-resolved ionization detection as a method
to monitor the distribution of excited pair distances which allowed us to clearly
observe additionally excited pairs at small distances out of a large distribution. In
this way we could gain spatial information without performing a spatially resolved
measurement. Making use of detuned excitation, we are able to directly manipulate
the Rydberg pair distribution through long-range interactions and to compare a

blocked and an anti-blocked situation in a single spectrum. The asymmetry between
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Figure 4.5: Calculated nearest-neighbor pair distribution of |rr) states. The
following input parameters were used: ). = 27 x 100 MHz and A, = 0 (black, solid),
Ay, = 21 x 50 MHz (blue, dash-dotted), and A, = —27 x 50 MHz (red, solid), at At =
0. The dashed green curve above shows the ground state nearest-neighbor distribution,

scaled by a factor of 0.1 for better comparison.

the two ionization peaks is a direct probe for the strength of Rydberg interactions.
To demonstrate how detuned laser excitation can be employed as a means to tailor
correlations between Rydberg atoms, we calculated the difference in the distribution
of pair distances at the position of the two Autler-Townes peaks A, = £./2. The
green solid line in Fig. 4.5 represents the distribution of nearest-neighbor distances
in the cloud. At zero detuning (solid, black line) there is also a finite excitation
probability at small distances, but the excitation is still comparatively small because
of the strong Autler- Townes splitting. At A, = +€Q./2 (blue, dash-dotted line) the
population of |rr) is strongly suppressed at distances below 3.5 ym. At A, = —2./2
(red, solid line) additional antiblockaded pairs at small distances (R ~ 2.5 um) are
present where the pair distance leads to an interaction-induced resonant excitation
with Uy =~ €. It should be noted that the antiblockade not only allows precise
interaction control but also significantly enhances the interactions in a gas, as it
gives rise to pair distances shorter than the blockade radius. Since our method does
not require to arrange the atoms but rather creates structure within an initially
unordered gas, it may be used in experiments requiring large numbers of atom pairs,
e.g. as an initialization or detection step in quantum gate experiments [Saffman
et al., 2010].



Chapter 5

Spontaneous avalanche ionization
of a strongly blockaded Rydberg

gas

This chapter is based on the following manuscript:

Spontaneous avalanche ionization of a strongly blockaded Rydberg gas

M. Robert-de-Saint-Vincent, C. S. Hofmann, H. Schempp, G. Giinter,

S. Whitlock, M. Weidemiiller

arXiv:1209.4728 (2012); accepted for publication in Physical Review Letters

In the last chapter we studied binary collisions between Rydberg atoms which
give rise to Penning ionization; revealing that Rydberg atoms are very fragile objects.
In denser samples these ionizing collisions between Rydberg atoms can produce an
ion cloud, which traps electrons produced during later collisions. Subsequently the
trapped electrons rapidly collisionally ionize the remaining Rydberg atoms, resulting
in an ensemble of unbound charged particles, referred to as ultracold plasma [Robin-
son et al., 2000]. In fact the spontaneous evolution of an attractively interacting
Rydberg gas into an ultracold plasma has been observed in several experiments [Li
et al., 2004; Walz-Flannigan et al., 2004; Morrison et al., 2008], which initiated in-
depth studies on the ionization mechanisms [Amthor et al., 2007b; Beterov et al.,
2007; Tanner et al., 2008] and on the electron-ion recombination dynamics towards
Rydberg states [Killian et al., 2001; Robicheaux and Hanson, 2002; Gallagher et al.,
2003; Fletcher et al., 2007; Saquet et al., 2011]. Rydberg Gases thus offer an al-

ternative approach to study ultracold plasmas, which are usually formed by photo-
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ionizing ultracold neutral atomic or molecular gases [Killian et al., 1999]. Ultracold
plasmas [Killian, 2007] offer an ideal laboratory setting to better understand exotic
phases of matter such as dense astrophysical plasmas [Horn, 1991] or laser-induced
plasmas [Remington et al., 1999]. Experimental and theoretical progress is driven by
the potential to reach the so-called strongly coupled regime [Ichimaru, 1982; Killian
et al., 2007], in which the Coulomb interaction energy dominates the kinetic energy
of the ions, giving rise to collective effects and strong spatial correlations between

particles. It is quantified by the coupling parameter [Killian et al., 2007]

q2

= 1 5.1
47760ak:BT>> ’ (5-1)

where a = {’/W is the Wigner-Seitz radius characterizing the separation be-
tween particles in a plasma of density n. The charge and the temperature of
the plasma constituents is given by ¢ and 7', respectively. In laser-cooled gases,
G ~ 0.1 — 2 is readily achieved, which has allowed the observation and driving of
collective mechanical modes [Fletcher et al., 2006; Twedt and Rolston, 2012; Cas-
tro et al., 2010]. Despite the ultralow energy scales accessible with laser cooled
gases, reaching deep into the strongly coupled regime has however remained out
of reach as rapid temperature rises are observed when forming a plasma, partly
due to the initially random distribution of the atoms [Kuzmin and O’Neil, 2002b].
This disorder-induced heating arises as the Coulomb interaction energy is converted
into kinetic energy of the ions [Pohl et al., 2004a; Bergeson et al., 2011], posing
one of the primary limits to the attainable coupling strengths in current experi-
ments [Simien et al., 2004; Cummings et al., 2005]. In an attempt to overcome this
limit, several proposals have been put forward including direct laser cooling of the
ions [Kuzmin and O’Neil, 2002a; Killian et al., 2003], or forming a plasma from
an initially spatially correlated gas, for example, by introducing order via optical
lattice potentials [Gericke and Murillo, 2003; Pohl et al., 2004b], or by exploiting
Pauli-blocking in a spin-polarized degenerate Fermi gas [Murillo, 2001].

Another, seemingly natural approach to mitigate disorder-induced heating, is to
form a plasma from a Rydberg gas [Gericke and Murillo, 2003], as its constituents can
be easily ionized and — given high densities — strong Rydberg-Rydberg interactions
naturally result in strong spatial correlations [Robicheaux and Herndndez, 2005] in
the initial state. However, up until recently [Weber et al., 2012] only attractively
interacting Rydberg gases have been considered for plasma formation for which
mechanical collapse driven by attractive forces [Amthor et al., 2007b; Pillet et al.,

2009] and anisotropic interactions could destroy the correlations.
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5.1 Generation of an ultracold plasma from a Ryd-
berg-blockaded gas

In this chapter we report on the formation dynamics of an ultracold plasma from
an initially spatially correlated gas of isotropic and repulsively interacting Rydberg
atoms in the blockade regime. Despite the relative stability of repulsively interact-
ing Rydberg ensembles, we observe, after a well defined and controllable time, a
spontaneous avalanche ionization, as evidenced by a sudden increase in the number
of detected ions, accompanied by a depletion of the ground and Rydberg state pop-
ulations. We point out the relevant processes leading to plasma formation in this
system, and using a simple coupled rate-equation model (see Sec. 5.4) we quantify
the relevant formation rates. We observe that repulsive interactions delay the onset
of avalanche ionization, leading to a new density dependence. We estimate that the
typical timescale for plasma formation is short compared to the motional dynamics
of the ions, suggesting that the initial correlations should be preserved in the plasma

phase.

The basic principle behind our observations can be understood in three main
stages which are illustrated in Fig. 5.1. (I) An initially randomly distributed gas of
ultracold neutral atoms is excited to Rydberg states via a continuous two-photon
laser coupling. (II) Due to the Rydberg blockade, each Rydberg-excited atom blocks
further excitations within the blockade radius Ry, leading to density—density correla-
tions which resemble those of a gas of hard spheres as explained in Sec. 2.2.4. After
a short time, the Rydberg density reaches steady state, however over time Rydberg
atoms start to decay by a combination of blackbody photoionization [Beterov et al.,
2007] and ionizing collisions with atoms in the ground and intermediate states [Bar-
bier and Cheret, 1987; Kumar et al., 1999], which leads to a gradual increase in
the number of charged particles in the system. (III) Once a critical number of
ions Ngji accumulates the resulting space charge can trap subsequently produced
electrons. At this critical time %, rapid electron-Rydberg collisions trigger an
ionization avalanche, leading to the formation of an ultracold plasma [Killian et al.,
2007]. Since the avalanche is triggered by the fast moving electrons the plasma forms
rapidly compared to the motion of the ions. Therefore the original spatially ordered
structure of the Rydberg ensemble should be preserved. This is predicted to reduce
the effects of disorder-induced heating by several orders of magnitude [Murillo, 2001].
Finally, after this sudden ionization of most of the Rydberg ensemble, the contin-

uous laser excitation feeds the avalanche until the ground state population is fully
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Figure 5.1: Generation of an ultracold plasma from a Rydberg-blockaded gas.
(a) An initially uncorrelated gas of ultracold atoms is prepared in an optical dipole trap
(I). By coherent laser coupling we excite some atoms to a Rydberg state. The strong
Rydberg—Rydberg interactions prevent the excitation of close-by pairs, leading to spatial
correlations (II). After a time t.i; the Rydberg gas is observed to spontaneously ionize
into an ultracold plasma (II1). (b) Qualitative dynamics of the involved populations:
ground state atoms N, (solid line), Rydberg atoms N, (dashed line), and ions N;
(dash-dotted line).

depleted. In our experiments we independently measure the atom number in the
ground or intermediate state IV, the Rydberg atom number N, and the ion number
N; in a small excitation volume through a combination of absorption imaging and
ionization detection. In a single beam optical dipole trap’ we prepare dense atomic
samples of up to 1.5x 10° atoms in the ‘551/2, F= 2> state which are hold in the trap
for a short time to equilibrate at a temperature of T' = 230 + 30 uK. After a typical
time-of-flight of tror = 200 us the cloud has expanded to a radially symmetric Gaus-
sian distribution with e=2-radii of ryaqi = 28 £ lpm and 7,44, = 310 £ 10um. The
peak atomic density is varied between ng = (1 — 10) x 10'° cm™2 while maintaining
an approximately constant cloud shape by reducing the overall atom number during
trap loading.

Rydberg atoms in the ‘5551 /2> state are excited using a doubly resonant narrow-
band two-photon excitation via the intermediate ’5P3 s2) state (see Fig. 5.2). Both
lasers are aligned perpendicular to the symmetry axis of the cloud. The first excita-

‘In these experiments only the ‘dimple’ trap was used.
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Figure 5.2: Experimental cycle. After trap release the cloud freely expands during a
time-of-flight ¢{1or. The coupling laser (Rabi frequency 2.) and the probe laser (£2},)
then continuously couple the system during texc. The coupling is terminated by the
switch-on of the electric field which stops the Rydberg excitation dynamics and field
ionizes the Rydberg atoms. 1 pus after the field ionization the sample is once again
exposed by the probe laser for t.y, = 10 us to take an absorption image of the ground

state atoms.

tion step is realized with a nearly uniform beam at 780 nm wavelength with intensity
I, = 29mW /cm?. The second laser, at 480 nm, is aligned counter propagating to
the first and is focused onto the center of the cloud with a Gaussian waist w = 40 ym
and a peak coupling strength €2./27 = 5.8 MHz. The excitation volume V', defined
by the intersection of the cloud and coupling beam (see Fig. 3.1 on page 36), is ap-
proximated by a cylinder along the coupling beam, of length L = V27 radial & 70 pm
and radius R = w/ V2 ~ 28 um. To perform the experiment we simultaneously pulse
on both lasers for times tq ranging from 0 to 38 us. During this time, the excita-
tion volume changes by less than ~ 20 %. To stop the excitation, we switch on an
electric field which field ionizes the Rydberg atoms and subsequently guides all ions

to a micro-channel plate detector.

5.2 Strongly blockaded Rydberg gas

We first investigate the dependence of the Rydberg population on the peak density
ng for a short excitation time te. = 3.7 us (Fig. 5.3), at which we can rule out the
influence of spontaneously formed ions. We observe the characteristic nonlinear de-
pendence and saturation of N, which is a consequence of Rydberg blockade [Singer
et al., 2004; Tong et al., 2004]. The observed scaling is well described using the
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Figure 5.3: Density dependence of the Rydberg number for short times. The
atoms in |555) are field ionized after 3.7us of continuous laser coupling. Strong inter-
actions lead to a Rydberg excitation suppression for increasing ground state densities,
in contrast to the interaction-free case (dashed line). The data is in good agreement
with a hard sphere model (solid line) with a sphere diameter corresponding to the block-
ade radius Ry =~ 5um. The inset shows an approximated spatial correlation function
gP(R) typical for a Rydberg blockaded gas [Robicheaux and Hernandez, 2005].

steady state of a classical rate equation model (solid line in Fig 5.3) [Ates et al.,
2011]. In this model, each Rydberg-excited atom is assumed to produce an ex-
clusion sphere of radius Ry ~ {‘/W which reduces the fraction of ground
state atoms available for subsequent excitation. From the strength of the van der
Waals interactions, Cg/2m ~ —50 GHz um® for the |55Sl/2> state, and from the
intermediate state decay rate, I'./2m ~ 6.1 MHz, we get Ry ~ 5um. We assume
independent excitation A x V and de-excitation rates B as introduced in Sec. 2.2.4.
Interactions are accounted for through the fraction of available ground state atoms
Y < 1, which decreases for increasing Rydberg density. This is estimated using
the Carnahan-Starling expression for hard spheres [Talbot et al., 1991]. The ratio
AJ/(A+ B) = 0.38 is constrained by the steady state solution to the single-atom,
three-level optical Bloch equations for our experimental parameters.

From this model we derive the steady state Rydberg atom number N, as a
function of the ground state peak density ny assuming homogeneous density and
coupling strength in the excitation volume. As seen in Fig. 5.3 the hard sphere
model is in excellent agreement with the data, with the overall detection efficiency
D ~ 0.4 as only adjustable parameter. From comparison to the data we find that

interactions suppress the number of Rydberg atoms by up to a factor of eight. At
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the highest densities the fraction of blockaded atoms is 1 —V = 0.9, and the packing
fraction n = 7N, R}, /6V ~ 0.2, which indicates the presence of strong correlations

in the system.

5.3 Ionization dynamics

To study the evolution of the system we probe the ground state atomic distribution
using resonant absorption imaging. This is performed using a second light pulse
on the lower transition, applied 1 us after the end of the Rydberg excitation (see
Fig. 5.2). Typical results are shown in Fig. 5.4 (a) as a sequence of absorption im-
ages of the center of the cloud, recorded for different excitation times, at a density
ny = 2.8 x 101%cm™3. For times longer than ~ 10 us we observe the appearance
of a hole coinciding with the position of the focused 480 nm excitation laser. Over
10 — 20 ps the hole grows until the cloud becomes locally transparent. We estimate
the remaining number of atoms NN, in the excitation volume (shown in Fig. 5.4 (b)) by
fitting to the images the difference of two peak functions, as explained in Sec. 3.7.2.
The time-dependence shows initially a slow decrease of the ground state atom num-
ber, until a critical time ¢.4 ~ 12 ps at which point we observe the start of a rapid
depletion.

This behavior is a signature of the ionization avalanche of the Rydberg popula-
tion. To independently measure the Rydberg atom number N, and ion number N;,
we perform two experiments: in the first, we use an electric field above the Rydberg
ionization threshold £, and we detect both Rydberg atoms and ions using the
micro-channel plate. In a second experiment, we switch a field below the ionization
threshold”, which has a negligible effect on the Rydberg atoms but is sufficient to
guide the ions to the detector. After relative calibration of the detection efficiencies
for both experiments, we subtract the two signals to deduce N, and N; individually
(Fig. 5.4 (¢)). The Rydberg population reaches a quasi-steady state value ~ 500 af-
ter &~ 4us. Around a critical time t; &~ 12 ps, the number of ions reaches N; = 120
and starts to increase rapidly. This number is already sufficient to trap electrons,
thus leading to the formation of an ultracold plasma [Killian et al., 2007], with
lifetime ~ 9 ps. Applying a small electric field during excitation suppresses the
avalanche ionization, thereby confirming that the plasma formation is related to an

accumulation of charges.

“Contrary to the detection method used in Ch. 4 where we used a slowly rising electric field

ramp, we here switch electric fields within a rise time of ~ 300 ns.



82

CHAPTER 5. SPONTANEOUS AVALANCHE IONIZATION OF A STRONGLY BLOCKADED
RYDBERG GAS

0 0.1 0.2 0.3 0.4

(b)

6000}

4000

20001 oq)O

0 10 20 30 40
t [ps]

Figure 5.4: Measurement of the complete avalanche ionization dynamics. (a)
Absorption images taken after different durations of continuous laser coupling on a cloud
of initial peak density ng = 2.8 x 109 cm™3. (b) Number of ground state atoms Ny in
the excitation volume. The data are compared to a rate equation model (see Sec. 5.4),
accounting for (solid line) or neglecting (dashed line) the Rydberg blockade mechanism.
Vertical lines highlight the avalanche onset time. (c) Simultaneously recorded Rydberg

atom population N, (circles) and ion population N; (triangles).
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5.4 Coupled rate equation model

The observed dynamics can be described using a simple coupled rate equation model
which incorporates the Rydberg blockade effect, seed ionization processes, and an
avalanche term driven by ionizing electron-Rydberg collisions. Only two coupled

differential equations describe the evolution of the system:

N, = —AVN, + BN, (5.2a)
N, = AVN, — BN, — 70iN; — Vel Ne Ny /V — Yy N, N,/ V . (5.2b)

The number of ions N; and the number of electrons N, trapped in the plasma are

deduced from the conservation of the total particle number Ny

N; = Nyow — N, — N, (5.3a)
N.=N; — Newe,  if >0. (5.3b)

Here, N and the volume V were assumed to remain constant, corresponding to
a neglect of plasma expansion. Furthermore the electron trapping criterion was
considered, after which N is the critical ion number necessary to form a space
charge potential large enough to trap electrons [Killian et al., 2007]. N depends
on the geometry of the volume and on the kinetic energy of the electrons which we
assume to be half of the electron binding energy W,.. Approximating the volume
by a homogeneous cylinder of length L and radius R, we evaluate the critical ion

number to be

8€o W.rR:L

Ncri = 5 )
" ¢ [L(~L+I?+4R?) + 4R%csch (2R /L)]

(5.4)

where ¢ is the vacuum permittivity, ¢ is the electron charge, and csch™' is the
inverse hyperbolic cosecant function.

The first two terms on the right hand side of (5.2a) and (5.2b) describe the
excitation and de-excitation of Rydberg atoms and their steady state solution was
used to fit the data in Fig. 5.3. We attribute the seed processes to a combination
of blackbody photoionization [Beterov et al., 2007] and ionizing collisions either
with ground state atoms or with the relatively large population in the intermediate
state ‘5P3/2> [Barbier and Cheret, 1987; Kumar et al., 1999]. The third term in
(5.2b) describes the blackbody photoionization with the state dependent rate 7,
~ 150/s [Beterov et al., 2007]. The more dominant seed mechanism is described

by the nonlinear seed ionization rate 7., which is related to an effective collision
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cross-section 0., between Rydberg atoms and atoms in either the ground or the

[16kgT
Yeol = Ocol b . (55)
TIMRb

Here T is the temperature of the atomic cloud, kg is the Boltzmann constant, and

intermediate state:

mpp is the mass of 8"Rb. It should be mentioned that on the observed timescale,
the repulsive |5551 /2> atoms are not expected to undergo ionizing Rydberg-Rydberg
collisions at a sufficient rate to seed the avalanche [Amthor et al., 2007a]. The
avalanche process itself is described by a nonlinear rate v,, which is related to the

electron energy W, by
We
Yav = Ogeo E ) (5-6)
where the electron mass is given by m, and g, = 7rn*4a(2) is the geometric cross-
section of Rydberg atoms [Vitrant et al., 1982], with n* the effective principal
quantum number and ag the Bohr radius. This process depends on the number
of electrons N, = N; — N trapped in the plasma, which collisionally ionize the
remaining Rydberg atoms further feeding the avalanche. We neglect the role of ion—
Rydberg interactions, assuming the net charge imbalance is relatively small and the
ions are effectively screened by the mobile electrons. This assumption is consistent
with our experimental observation that the Rydberg resonance does not significantly
shift after plasma formation, but only becomes broadened, as recently pointed out
by [Weber et al., 2012].
We fit the model results simultaneously to a set of ground state depletion curves,
with initial atomic densities ranging from (0.8 —9) x 10'%cm™3. Typical depletion
curves are shown in Fig. 5.5. The introduced model only has three free parameters

that are extracted from the model:

(i) The overall Rydberg excitation rate A from the ground and intermediate

states.
(7i) The effective seed collisional ionization cross-section o).

(7i1) And the average energy of trapped electrons W, which constrains both N

and the nonlinear rate for electron—Rydberg collisions v,y .

Typical predictions of the model are shown in Fig. 5.4 (b) & (¢). The distinct evo-
lution of ground state atom population N, is well reproduced, although the model
does not completely reproduce Rydberg population NV, and the produced number of

ions N; after the avalanche. We attribute this to three-body recombination towards
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Figure 5.5: Density dependence of the ground state depletion caused by the
ionization avalanche. Number of ground state atoms in the excitation volume versus
continuous coupling time. The data in each plot is inferred from 81 absorption images,
which were acquired during a sequence of consecutive experimental runs. The rate
equation model (solid lines) was simultaneously fitted to all displayed data and has only

three free parameters (see text). It shows very good agreement with the data illustrating

the model validity over one order of magnitude in density.

Rydberg states counted in the detection process, and to plasma expansion, both not

included in the model. The best fit parameters and uncertainties are:

(1)
(4)

(iid)

A= (8.740.3) x 1072 MHz;

0ol = 0.7340.21 um?, a factor of 8-15 larger than the geometrical cross-section
of [555) Rydberg atoms (0geo ~ 0.064 pm?);

finally W, = (3.0 +0.9) x 1073 eV, which amounts to approximately 60% of
the electron binding energy in ‘5551 /2>, similarly to [Li et al., 2004]. Given
our geometry, the obtained electron energy relates to N.i = 26 £ 7 which
corresponds to typically 5% of the initial Rydberg number. The nonlinear
avalanche rate 7,, ~ (1500 4 200) MHz pm?3.

To investigate the regimes in which a plasma develops, we extracted the onset

time

tait of the ionization avalanche from the data and plotted it as a function of

density (Fig. 5.6). We observe a critical dependence, following an approximately

power law of Z. o< ny # with B = 1.0+ 0.1 on the considered density range. We

have also studied the role of the excitation volume by performing experiments for a

shorter time-of-flight of ttop = 100 us, which leads to a reduced excitation volume

Vieduced =~ V/2. We observe that the onset times are delayed, since the critical ion

number N, required for electron trapping decreases less strongly with V' than the

total atom number [Killian et al., 2007]. This effect is well reproduced by the model,



86

CHAPTER 5. SPONTANEOUS AVALANCHE IONIZATION OF A STRONGLY BLOCKADED
RYDBERG GAS

20f

2 5 10 20
Atomic density [1 0'° cm'3]

Figure 5.6: Density dependence of the ionization avalanche onset time ..t
plotted on a log-log scale. Dark and light symbols correspond to experiments with
excitation volumes V' and Viedquced =~ V/2, respectively. Circles and triangles correspond
to measurements performed with !5551/2> and ‘4051/2> states, respectively. The solid
lines are the model predictions for }5581/2> for both excitation volumes V' and V;equced,
using the same fit parameters. The dashed line shows the model outcome for the

excitation volume V with the blockade effect being neglected.

when accounting for the new geometry with conserved rates and cross-sections (see
Fig. 5.6).

To further study the effect of Rydberg interactions on the avalanche dynamics,
we compared the dynamics from different Rydberg states, while keeping all other
experimental parameters (in particular €).) approximately constant. In comparison
to ‘5551/2>, the ‘4051/2> state appears more stable, exhibiting plasma formation in
Vieducea Only above densities of ng &~ 1 x 10" cm™3 (triangles in Fig. 5.6). Rescaling
the parameters oeop, Yay < N*4; Ry oc 16 and W, oc 1/n*2 [Li et al., 2004], the
model accounts for approximately half of the relative shift in ¢.,;. This discrepancy
could be due to a different scaling of the ionization cross-section o.,. For the at-
tractively interacting }55D3/2> state we observe an immediate production of ions
(terit — 0), presumably due to the anisotropy of |D) state interactions which breaks
the blockade effect and leads to an increased rate of ionizing Rydberg-Rydberg
collisions [Amthor et al., 2007b].
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5.5 Rydberg blockade as a route to strongly cou-
pled plasmas

From the model we conclude that the Rydberg blockade has a significant effect
on the formation of the ultracold plasma, delaying the ionization onset time by
typically 80 % for the data shown in Fig. 5.6. In such a time, Rydberg interactions
are suspected to develop strong spatial correlations [Robicheaux and Hernéndez,
2005]. These correlations are expected to become more pronounced as the atomic
density is increased and more atoms are contained inside each blockade volume [Ates
and Lesanovsky, 2012]. Our model predicts a sudden avalanche ionization of the
complete Rydberg ensemble within ~ 2us. Within this time, the ions only move
by at most 600 nm, which is much less than their average spacing (2 Ry;). Thus,
the correlations from the Rydberg sample are most likely preserved in the avalanche.
The observed packing fraction n /& 0.2 is similar to the highest considered in [Murillo,
2001]: provided the laser coupling is turned off immediately after ¢, we expect
that the importance of disorder-induced heating as compared to final ion interactions
should be strongly reduced.

In this chapter, we have for the first time experimentally investigated the spon-
taneous evolution from a strongly blockaded and spatially correlated Rydberg gas
to an ultracold plasma. The combination of absorption imaging and ion detection
allowed us to observe the complete dynamics of this process. In particular we identi-
fied a regime in which the ionization avalanche is faster than the motional timescale
of the produced ions, suggesting that the Rydberg correlations might have been im-
printed onto the plasma ions. This could provide a new route to the production of
strongly coupled ultracold plasmas with large ionic coupling parameters. In addi-
tion, Rydberg states even offer the possibility to tune of the correlation length given

by Rbl o n*11/6

. Using Rydberg states between n = 40 and n = 100, the correla-
tion length can be accurately tailored between ~ 2.7 ym and ~ 15.5 um. Future
experiments could directly resolve the spatial structure of the resultant plasmas, for
example by using atomic species with more than one valence electron [McQuillen
et al., 2012], or by using Rydberg states as a sensitive probe [Giinter et al., 2012;
Olmos et al., 2011]. This would open promising new avenues to experimentally in-
vestigate novel effects in ultracold plasmas, such as liquid-vapor phase coexistences,

critical points [Shukla and Avinash, 2011] and strongly coupled liquid phases.






Chapter 6

Sub-Poissonian statistics of
Rydberg-interacting dark-state

polaritons

This chapter is based on the following manuscript:

Sub-Poissonian statistics of Rydberg-interacting dark-state polaritons
C. S. Hofmann, G. Glinter, H. Schempp, M. Robert-de-Saint-Vincent,
M. Garttner, J. Evers, S. Whitlock, M. Weidemiiller
arXiv:1211.7265 (2012); submitted for publication

At the few-photon level, electromagnetically induced transparency is character-
ized by the propagation of coupled excitations of atoms and light called dark-state
polaritons [Fleischhauer and Lukin, 2000]. These long-lived quasi-particles simulta-
neously possess the properties of both the photonic and the atomic degrees of free-
dom which can be interchanged in a fully coherent and reversible process. As coupled
excitations of light and matter, dark-state polaritons acquire many new properties
from the atomic system. This has been used, for instance, to slow down or even stop
light [Hau et al., 1999; Liu et al., 2001; Phillips et al., 2001; Bajcsy et al., 2003], to
imprint a magnetic moment onto light fields [Karpa and Weitz, 2006], or to realize
giant electro-optical effects in atomic vapors [Mohapatra et al., 2008]. Qualitatively
new many-body effects occur when coupling light to strongly interacting atomic sys-
tems. Polariton—polariton interactions mediated by the atomic admixture can lead
to highly nonlinear [Pritchard et al., 2010; Peyronel et al., 2012; Parigi et al., 2012]

and nonlocal optical effects [Sevingli et al., 2011b] as well as to the emergence of cor-
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relations in both the atomic and the light fields [Gorshkov et al., 2011]. The ability to
produce and coherently control the propagation of quantum fields using interacting
dark-state polaritons will open up new applications including few-photon nonlinear
optics [Pritchard et al., 2012], nonclassical light sources [Dudin and Kuzmich, 2012;
Peyronel et al., 2012; Maxwell et al., 2012; Pritchard, 2012], photonic quantum logic
gates [Friedler et al., 2005; Petrosyan and Fleischhauer, 2008] and the generation of
squeezed states of atomic ensembles [Opatrny and Mglmer, 2012].

In this chapter we experimentally study both light and matter aspects of strongly
interacting dark-state polaritons in a dense atomic gas involving Rydberg states.
An important feature of this system is that the Rydberg blockade gives rise to
dissipative hard-core interactions and ultimately to correlations between dark-state
polaritons [Gorshkov et al., 2011]. In contrast to the usual approach, in which
electromagnetically induced transparency is observed optically, we explore a new
approach which benefits from a high detection sensitivity to Rydberg atoms and
directly probes the matter-part of the polariton wavefunction. In this way we ex-
tend upon recent work which has shown the development of nonclassical photon
correlations in the transmitted light field [Petrosyan et al., 2011; Peyronel et al.,
2012]. Since the mapping between the properties of the light field and the atomic
system is in general nontrivial [Peyronel et al., 2012], it is important to study both
aspects to obtain a complete picture of EIT in strongly interacting systems. Our
experiments cover four orders of magnitude in atomic density which we use to ob-
serve the nonlinear optical response and temporal dynamics of polaritons, as well
as to investigate the transition to sub-Poissonian polariton statistics when entering
the strongly interacting regime. Using a state-of-the-art theoretical approach for
the coupled atom-light system, developed by M. Gérttner and J. Evers [Heeg et al.,
2012], we find good agreement with all aspects of the experiment except for the level
of sub-Poissonian fluctuations. We observe atomic correlations that are significantly
stronger than can be accounted for by assuming the propagation of classical light
fields alone. This indicates that the recently observed modification of photon statis-
tics of propagating light fields due to Rydberg interactions [Peyronel et al., 2012]

can cause a significant back-action on the Rydberg atom statistics.
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Figure 6.1: Polariton blockade and nonlinear absorption. Cross-section of the
atomic cloud (blue) showing the effect of Rydberg blockade on polariton statistics and
nonlinear absorption of a weak probe beam (red) for small (a) and large (b) polariton

densities.

6.1 Polariton—polariton interactions

In the discussion in Sec. 2.3.4 it was mentioned that in the weak probe limit, a single
probe photon will be partially converted into a collective excitation of the medium

to become a dark-state polariton [Fleischhauer and Lukin, 2000],
|D,1) = cos? |G, 1) —sin? | R, 0) (6.1)

where the collective quantum states involving NV atoms and the light field are |G, 1) =
g1, s Tis 5 gn) |1) and [R,0) = 1/v/NY, |91, 7+, gn) |0). The mixing
ratio tan(v) = v/nocl'./Q. determines the properties of the polariton depending on
the atom density n, the resonant scattering cross-section o, and the speed of light c.
The dark-state polariton propagates through the atomic medium with negligible loss
and reduced group velocity v, & ¢/ tan?(19).

To understand how interactions between dark-state polaritons arise we provide
the following simple physical picture. For weak probe intensities and for low atomic
densities (Fig. 6.1 (a)) each incident photon is converted into a dark-state polariton
which propagates freely through the EIT medium before being coherently converted
back to the original optical mode. If the light field is subsequently detected on a CCD
camera this is observed as transparency of the atomic cloud. For increasing atomic
density the group velocity drops (¢ — 7/2), effectively compressing the probe field
inside the atomic cloud and increasing the density of dark-state polaritons npgp
until several begin to occupy the same volume. Since a single polariton includes
a large Rydberg state component, it interacts strongly with the Rydberg states of
nearby atoms which become shifted out of resonance, breaking the EIT condition
for additional excitations and leading to strong inelastic scattering of excess photons

from the cloud [Petrosyan et al., 2011]. This imposes a critical density of dark-
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state polaritons ny, & (47 R}, /3)! corresponding to approximately one per blockade
volume, beyond which the density of dark-state polaritons saturates (Fig. 6.1 (b)).

6.2 Nonlinear optical response of the Rydberg EIT

medium

We use 8"Rb atoms with states |g) = |5S1/2, F =2), |e) = |5P3, F = 3) with
I./2r = 6.1 MHz, and the Rydberg state |[r) = |55S5;/2) which has a lifetime of
~ 80 us. We prepare a cigar shaped cloud of approximately 5 x 10* atoms at a
temperature of 5 yK in an optical trap. The atomic cloud is uniformly illuminated
from the side by a circularly polarized probe beam with intensity I, = 5 uW/cm? and
the transmitted light is imaged onto a CCD camera with an optical resolution of ~
12 um (Rayleigh criterion). The coupling laser is counter aligned to the probe beam
and passed through a diffractive optical element to create an approximately uniform
intensity profile with Q./27 = 5.1 MHz over an elliptical region of ~ 65 x 130 pm?
which was characterized in Sec. 3.7.3. The frequencies of both lasers are tuned to the
atomic resonances. The measured linewidths (including both decay and dephasing
terms) for the probe transition and the two-photon transition are 7.,/27 ~ 6.4 MHz
and 7,./2m ~ 1.7 MHz respectively, which gives an EIT coupling parameter C =
02/ (VegVgr) = 2.4 and an EIT resonance width of W = (1 4 C)v,, = 27 x 5.8 MHz.
The anticipated blockade radius is Ry = (2Cs/W)Y6 ~ 5pum with the van der
Waals interaction strength C ~ —50 GHz um®. To control the atomic density before
pulsing on the probe light we switch off the optical trap and vary the time-of-flight
between 20 us and 4.5 ms, varying the peak density (along the line-of-sight) between
n ~ 10® — 10° cm=3. This is coupled to a change in the cloud length in the probe
direction between ~ 2 ym and ~ 100 um and a change in the optical density of the
cloud between 3 (resolution limited) and 0.1 (see Fig. 6.2 (d)).

Figure 6.2 shows absorption images of the atomic cloud for three different ex-
pansion times corresponding to three different peak atomic densities. For long time-
of-flights (corresponding to low densities n < 10'°cm™3) the cloud has expanded
considerably, such that the excitation volume is defined primarily by the intensity
profile of the coupling laser. Here we observe a high degree of transparency (e.g.
Fig. 6.2 (a)), which can be attributed to the low density of dark-state polaritons. By
analyzing the images we measure the absorption in both the transparency region and
the background region corresponding to the two-level optical response (with suscep-

tibility x(®")). At low densities we find the optical response is linear corresponding
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Figure 6.2: Nonlinear optical response of the Rydberg EIT medium. Absorption
images of the atomic cloud for three expansion times with a probe intensity of I, =
5 uW/cm? and peak densities corresponding to (a) n = 5 x 10° cm™3, (b) n =
5x 109 cm™3 and (c) n = 3 x 10'2 cm~3. The EIT region illuminated by the coupling
laser is indicated by white ellipses. (d) Measured optical density. The observed decrease
at highest atomic densities is due to a limitation in optical resolution. (e) Measured
absorption scaled to two level response as a function of peak atomic density. The dotted
horizontal line shows the expected low density EIT absorption due to the finite laser
linewidths. The solid and dashed curves are the results of the Monte-Carlo simulations
of the coupled atom-light system with v,r/27=1.7 MHz (solid) and v4r/27=2.6 MHz
(dashed).
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to a scaled optical susceptibility x(® /x®"¥) = 0.31 4 0.07 which is consistent with
the expected on-resonant optical susceptibility in the noninteracting EIT regime
X0/ = 1/(1+4C) ~ 0.29. At densities above n ~ 1 x 10 cm™3 we start to
observe a decrease in the transparency due to interactions (e.g. Fig. 6.2(b)). Above
n =4 x 10" cm™3 the EIT spot vanishes almost completely (e.g. Fig. 6.2 (c)).

The full nonlinear optical response as a function of peak atomic density is shown
in Fig. 6.2(e). We observe a transition from transparent to fully absorbing by
increasing the density. This characteristic behavior resembles that obtained by full
many-body calculations of the optical susceptibility in a Rydberg blockaded gas [Ates
et al., 2011]. We use a rate equation model developed by M. Gérttner and J.
Evers to make a quantitative comparison between theory and experiment. The
model is an optimized version [Heeg et al., 2012] of a rate equation model originally
introduced by Ates et al. [Ates et al., 2007b]. The simulation treats the full atom
number within the coupling volume (N & 5000 — 25000; compare to Fig. 3.10 on
page 52) assuming random positions distributed according to the measured Gaussian
cloud shape. Monte-Carlo sampling is then applied to solve for the steady state
populations in states |g),|e) and |r) for each atom, taking into account the level
shifts due to interactions with nearby Rydberg atoms. Comparing the simulations
to the experiment we find the effect of nonlinear absorption as the probe propagates
through the cloud must be accounted for. To include the probe laser attenuation
the model first solves for the local Rabi frequency Qg) which is attenuated by all
other atoms j < 4 in a cylindrical volume with cross-section’ . The degree of
attenuation is given by fo = ng ) exp (—x)) where ) is proportional to the |e)
state population of atom j. The local Q}()j ) is determined recursively starting with
j = 1 which is subjected to the total incident probe Rabi frequency QS). The steady
state populations are then solved for iteratively until j = .

We find good agreement between the measured optical response and the results
of the Monte-Carlo simulations (solid curve in Fig. 6.2(d)) using the calculated
interaction strength and all other input parameters determined from independent
measurements. The simulations qualitatively reproduce the observed scaling of the
nonlinear absorption, however we observe a systematic shift to higher densities, by
about a factor of 2. The discrepancy could in part be explained by uncertainties in
the dephasing of the Rydberg states due to laser fluctuations or atom motion which

would effectively increase 7,,. For comparison we show the results of the simulations
with ~,,./2r=1.7 MHz (solid curve) and ,,/27=2.6 MHz (dashed curve).

“The outcome of this procedure does not depend on the exact choice of ¥ (typically 3—10 um?)

as long as ¥ is small compared to the size of the atomic cloud.
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Figure 6.3: Polariton dynamics observed during a 2 us probe pulse measured via
the Rydberg state population. Measured polariton evolution with each data point
which is the average of 20 runs of the experiment. The vertical error bars represent the
statistical error of the mean. The solid line is a fit to the data using the numerical solution
to the optical Bloch equations, including a coupling to both Rydberg Zeeman sublevels
mj = £1/2 which accounts for the slow evolution and residual Rydberg population
after 2 us. The dashed red line shows the population in the resonantly coupled Zeeman

state alone.

6.3 Polariton dynamics

In our experiments the dark-state polaritons are almost entirely matter-like (in
eq. (6.1) cos’(¥) ~ 1072 — 1077). Therefore, measuring the Rydberg population
serves as a projective measurement of the number of polaritons inside the cloud.
This is possible by field ionizing the Rydberg states and subsequently detecting the
individual ions on a micro-channel plate detector which provides high time resolution
and near single particle sensitivity as discussed in Sec. 3.7.1. We apply an electric
field just above ionization threshold to field ionize and guide the resultant ions to
maximize the spread in arrival times. In a typical experiment we detect ~ 10 ions.
The probability for two ions to arrive simultaneously such that they are miscounted
as a single event is less than 1%.

Figure 6.3 shows the measured time evolution of the number of detected ions
during a 2 us probe pulse in the noninteracting regime. At short times we observe a
rapid increase of the detected ions reflecting the entry of dark-state polaritons into

the atomic cloud. The observed rise time of &~ 100 ns is compatible with the spectral
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width of the EIT resonance. After this time the number of detected ions approaches
a steady state value of around (V;) ~ 10, which, accounting for our ion detection
efficiency (D =~ 0.4) corresponds to ~ 25 polaritons inside the cloud. After the pulse
the Rydberg state population decreases rapidly, which is expected as the polaritons
leave the atomic cloud and are coherently mapped back onto the light field. By
analyzing the images we confirm that the cloud remains mostly transparent until
the electric field is switched on. Over the full pulse duration we estimate a total
of ~ 1500 polaritons pass through the atomic cloud. After the pulse we observe
a residual population of about 30% of the peak number of ions and a slower time
evolution. The dashed line in Fig. 6.3 shows the expected evolution found by solving
the three-level optical Bloch equations. The additional slow rise during the pulse
and the longer tail observed in the experiment can be attributed to laser coupling

to additional Zeeman sublevels assuming polarization dependent coupling strengths
(solid line in Fig. 6.3).

6.4 Polariton counting statistics

We now turn to the strongly interacting regime by increasing the atomic density
which in turn increases the density of dark-state polaritons. After 2 us of probe
laser illumination we turn on the ionization field and count the number of detected
ions. This is repeated between 150-300 times for each time-of-flight corresponding
to different peak densities of the cloud. From these data we construct histograms
of the ion number distribution (Fig. 6.4 (a)) which is used to extract the mean and
variance of the number of polaritons.

In Fig. 6.4 (b) we show the measured mean ion number (/V;) which is proportional
to the number of dark-state polaritons inside the cloud. The low-density behavior is
determined by the changing number of atoms in the excitation volume as a function
of time-of-flight (dashed line). For n > 10 cm™ we observe a rapid decrease
of (N;) due to probe laser attenuation and polariton—polariton interactions. The
solid line is the results of the Monte-Carlo simulation using the same parameters as
for Fig. 6.2. To obtain the best agreement we adjust only two parameters in the
simulation: the detection efficiency D and the effective area of the coupling laser
ellipse. Optimal agreement is found for a coupling region with major axis radius of
65 pm and D = 0.4.

Simultaneous to the onset of the polariton blockade we also observe a signifi-
cant narrowing of the statistical distribution of the detected ions (Fig. 6.4 (a)). We
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Figure 6.4: Statistical distribution of the detected ions during a 2 us probe
pulse showing the transition to sub-Poissonian statistics. (a) Typical ion number
histogram for n = 5 x 10" cm™3 with Q = —0.3 compared to a Poisson distribution
with the same mean (solid line). (b) Measured mean number of ions as a function
of atomic density which decreases above n = 101! cm™3 due to blockade. (c) In this
regime the Mandel @) parameter falls to sub-Poissonian. The dashed curve is derived
from the hard sphere model assuming an initial Poissonian photon number distribution
with 1. = 1 x 1012 ecm™3. The statistical errors are estimated by dividing the data
for each density into 3 subsets of 50 experimental runs each and then calculating the

standard error of the mean () parameter.
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quantify this using the Mandel () parameter

(NZ) — (Ni)®
Q= oy 1, (6.2)
which compares the width of an observed distribution to a Poisson distribution with
the same mean as discussed in Sec. 2.2.5. For a Poissonian process () = 0, whereas a
sub-Poissonian process yields @) < 0 reflecting the emergence of spatial and temporal
correlations [Ates et al., 2006; Reinhard et al., 2008b; Viteau et al., 2012].

Figure 6.4 (c) shows the measured Mandel () parameter as a function of the
peak density of the atomic cloud. In the low-density limit, polariton—polariton
interactions can be neglected and the measured ion number distributions are close to
Poissonian with ) =~ 0 which is expected for a coherent input light field. Increasing
the density we observe a clear transition to sub-Poissonian statistics with () reaching
a minimum value of —0.32 with a statistical uncertainty of 0.04 calculated in the
range 2 X 101 em™ < n < 2 x 102 ecm=3. Including the effect of imperfect ion
detection indicates the true distribution of dark-state polaritons is much narrower
corresponding to strong spatial and temporal correlations, since Qpsp = Q/D [Ates
et al., 2006].

Despite the good agreement of the Monte-Carlo model with both the optical
response data (Fig. 6.2(d)) and the mean number of polaritons (Fig. 6.4 (b)), it
clearly fails to describe the experimentally measured () parameters which are much
lower than predicted (solid line in Fig. 6.4 (¢)). We attribute this to the neglected
effect of photon correlations (the Monte-Carlo algorithm assumes a classical field at
each step characterized by a Rabi frequency €2,,) which can build up as a consequence
of dissipative polariton—polariton interactions [Peyronel et al., 2012].

A complete and rigorous many-body treatment of this problem, including the
effects of the quantized electromagnetic field is still lacking. However, we can
make a simple estimate for the possible effects of photon correlations by assum-
ing a hard sphere model for polariton interactions. We discretize the excitation
volume into elements corresponding to the size of a blockade sphere and assume an
initial Poisson distribution for the number of photons per element with a mean
of (Npn) =~ (2,/Q)%(n/ny) [Petrosyan et al., 2011]. For N, > 1 we assume
one dark-state polariton is created with unity probability and the excess photons
couple to bright states which do not have a Rydberg state component. There-
fore the corresponding dark-state polariton statistics range from Poissonian char-
acter for (Npn) < 1 (limited by the classical fluctuations of the laser field) to
strongly sub-Poissonian for (N,,) > 1 above the critical density at which the
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dark-state polariton density saturates. The atomic density at which correlations
become important is when (N,,) = 1, which for our experimental parameters

—3. According to this simple model we find

corresponds to ngis ~ 1 x 10'2 cm
Q ~ Dexp(—n/neit) — D, which is in closer agreement with the data (dashed line
in Fig. 6.4 (c)), confirming the development of photon number correlations within
the cloud plays an important role on the dark-state polariton statistics.

For the largest densities we find the measured () values increase again to super-
Poissonian values. We have not yet identified the cause of this increase, but we note
that it coincides with the point when the cloud becomes quasi-1D with respect to the
Rydberg excitation which might modify the effects of interactions on the propagating
light field. Alternatively it could be due to the presence of a small number of
prompt ions which are produced by one of the ionization mechanisms discussed in the
previous chapter. Even though their small number is below our detection sensitivity,
their presence could dramatically affect the polariton statistics. Spurious ions could
also be present in recent experiments studying the effects of Rydberg blockade on
photon statistics [Dudin and Kuzmich, 2012; Peyronel et al., 2012; Maxwell et al.,

2012] but to our knowledge their effects have not been investigated so far.

6.5 Interplay between atomic and photonic cor-

relations

Our experiments provide a direct observation of strongly interacting dark-state po-
laritons realized using electromagnetically induced transparency in an ultracold Ryd-
berg gas. Strong polariton—polariton interactions are observed through the density
dependent optical response and the polariton counting statistics, which become sig-
nificantly sub-Poissonian at high densities, reflecting the emergence of spatial and
temporal correlations between polaritons. The method presented here in principle
allows for studying the full polariton counting statistics, thereby also giving access to
higher order correlations [Ates et al., 2006]. Two-photon correlations have recently
been observed in the second order intensity correlation function of light ¢(®(7) re-
trieved from small Rydberg ensembles [Dudin and Kuzmich, 2012; Maxwell et al.,
2012], and via light propagation through dense atomic clouds [Peyronel et al., 2012].
We point out however that in general there is no direct mapping between the cor-
relations on the light field and the atomic correlations. For instance, in a dense
but optically thin medium, excess photons may not be efficiently scattered out of

the forward direction thereby washing out the ¢ contrast, despite the presence
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of strong atomic correlations. Alternatively, outside of the blockaded regime, spin-
wave dephasing due to atomic interactions can alter the statistics of the emitted
light [Dudin and Kuzmich, 2012; Dudin et al., 2012a; Bariani et al., 2012], even
though the atomic correlations could remain nearly classical. A complete description
of electromagnetically induced transparency in strongly interacting media remains a
theoretically challenging problem [Peyronel et al., 2012], therefore it is necessary to
study both aspects and to provide more stringent tests to theoretical models. This
in turn might enable new studies investigating the effects of quantum correlations
between atoms and photons. Ultimately this would open an avenue to study new
types of strongly interacting quantum gases [Chang et al., 2008; Fleischhauer et al.,
2008; Nikoghosyan et al., 2012] or to the realization of on-demand sources of single
photons and other nonclassical states of light [Honer et al., 2011; Petrosyan et al.,
2011; Pritchard et al., 2012] which would by major step in the direction of Rydberg
based all-optical quantum information processing [Friedler et al., 2005; Han et al.,
2010].



Chapter 7
Conclusion and outlook

In the scope of this thesis, I have investigated the effects of strong interactions be-
tween Rydberg atoms and their application to vastly different research areas which
reaches well beyond the field of Rydberg physics. These studies were made possible
by a completely new experimental setup which was designed for Rydberg physics
in dense ultracold gases. Among the special features is a 2D-MOT, which serves as
an ion free high flux source of cold atoms. Another key element of the setup is an
optimized three beam optical dipole trap, which is composed of a large reservoir trap
confining up to 5 x 10° Rubidium atoms and a dimple trap for forced evaporative
cooling. It is a powerful tool for the rapid and efficient production of dense atomic
samples and Bose-Einstein condensates. A specially designed electrode assembly is
used to precisely control external electric fields and to field ionize Rydberg atoms
for subsequent single ion sensitive detection. This detection technique has been
complemented by optical probing of Rydberg states via electromagnetically induced
transparency and both techniques have been applied either separately or in combi-
nation to give unprecedented access to macroscopic and microscopic properties of

strongly interacting Rydberg ensembles.

With the new level of control enabled by the new experimental apparatus, it has
been possible to investigate different applications of long-ranged Rydberg interac-
tions as a means to imprint and control correlations in many-body systems. Exper-
imental evidence of antiblockade in an ultracold Rydberg gas was given, which is a
paradigm for the excellent control over interactions achievable with far off-resonant
Rydberg excitation. It was demonstrated that this technique provides a powerful
tool to impose spatial correlations on the excited atoms in an otherwise randomly

arranged ultracold gas.

Afterwards the Rydberg blockade was employed as a tool to introduce spatial
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correlations in a dense, repulsively interacting Rydberg gas. Despite the expected
stability of this system, the gas was observed to undergo spontaneous avalanche
ionization for atomic densities exceeding ~ 10'° cm~3, which leads to the formation
of an ultracold plasma. When investigating the dynamics of this process, the Ryd-
berg blockade was identified to cause a significant delay of the plasma onset. It was
furthermore observed that the plasma forms on a timescale which is short compared
to the typical atomic motion, therefore the initial spatial correlations are most likely
preserved in the plasma phase. Strongly blockaded Rydberg gases might thus pro-
vide a new route to mitigate disorder-induced heating, putting the production of
strongly coupled ultracold plasmas within reach.

In the last study the back-action of Rydberg-Rydberg interactions on propagat-
ing light fields was studied. To this end we investigated both light and matter aspects
of dissipatively interacting Rydberg dark-state polaritons. Our experiments covered
over three orders of magnitude in atomic density which were used to observe the
nonlinear optical response and the transition to sub-Poissonian polariton statistics
when entering the strong interaction regime. By using a state-of-the-art theoretical
approach we could show that the atomic correlations are significantly stronger than
can be accounted for by assuming the propagation of classical light fields alone.
This indicates that the recently observed modification to photon statistics due to
Rydberg interactions [Peyronel et al., 2012] can cause a significant back-action on
the Rydberg atom statistics.

Rydberg atoms hold great potential for creating new many-body systems. For
instance, the Rydberg EIT system in the strong interaction regime opens up other
intriguing prospects of future research, since it has many features in common with
cavity quantum electrodynamics systems [McKeever et al., 2004; Birnbaum et al.,
2005; Dayan et al., 2008; Tanji-Suzuki et al., 2011]. The collectively enhanced re-
sponse of a Rydberg ensemble to the probe field mimics that of a single atom strongly
coupled to a cavity [Pritchard et al., 2012]. This could pave the way for quantum
non-demolition measurements of optical photons or — extended to larger ensembles
— offer a new platform to study the physics of strongly coupled quantum-optical
systems [Hartmann et al., 2006; Greentree et al., 2006] without the requirement of
optical cavities.

Our polariton experiments can also be interpreted as Rydberg dressing of pho-
tons, in which photon—-photon interactions are mediated by the Rydberg state ad-
mixture. By detuning from the intermediate state, the dissipative character of the
polariton—polariton interactions could be suppressed while maintaining the huge

nonlinearities which would give rise to elastic scattering, providing means to imple-
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ment deterministic quantum logic gates [Shahmoon et al., 2011; Gorshkov et al.,
2011]. As the nonlinearity can be controlled via the choice of the Rydberg state,
repulsive, attractive and long-range interactions become possible [Sevingli et al.,
2011b]. This could pave the way to create and study new types of quantum gases
such as dipolar Bose-Einstein condensates of dark-state polaritons [Fleischhauer
et al., 2008; Nikoghosyan et al., 2012]. In a similar fashion, Rydberg atoms could
also be used to imprint new types of interactions to gases of ground state atoms
by weakly admixing Rydberg character with laser light [Santos et al., 2000; Pupillo
et al., 2010]. The resulting dressed states possess soft-core interactions, which in
the repulsive case might enable the engineering of new types of quantum gases and
strongly correlated phases of matter such as supersolid droplet crystals [Cinti et al.,
2010], supersolid vortex crystals [Henkel et al., 2012] or roton excitations in Rydberg
dressed Bose-Einstein condensates [Henkel et al., 2010]. Exploiting attractive inter-
actions, three-dimensional self-trapping of matter waves could be explored [Maucher
et al., 2011].

A future goal will be to explore some of these correlated phases at the level of
single particles. With this in mind we have proposed a new imaging technique, which
is based on our new understanding of electromagnetically induced transparency in
interacting Rydberg gases [Giinter et al., 2012]. This method would make it possi-
ble to image individual impurities with high spatial and time resolution. The basic
idea is to exploit the strong interactions between impurity atoms and a background
gas of atoms coupled to an auxiliary Rydberg state via an EIT resonance. As-
sociated with this is a new characteristic radius within which the impurity—probe
interactions break the EIT condition, thereby changing the optical properties for
many atoms surrounding each impurity. The potential of this new imaging scheme
is illustrated in Fig. 7.1 which compares two calculated absorption images of a quasi-
two-dimensional Rydberg gas. While Fig. 7.1 (a) depicts a conventional absorption
image, Fig. 7.1(b) clearly shows that spatial correlations between Rydberg atoms
become visible when simultaneously applying the coupling laser. While having a
lower level of technical sophistication than ‘quantum gas microscopes’ [Bakr et al.,
2009; Schauf} et al., 2012] this technique can be implemented in current cold atom
experiments and is furthermore non-destructive, thus allowing for time-resolved im-
ages of many-body states. Numerous applications of the EIT imaging method can
be foreseen, for example the possibility to directly image antiblockaded atom pairs
or to observe the dynamical crystallization in the dipole blockade of ultracold atoms
recently predicted by [Pohl et al., 2010; Schachenmayer et al., 2010; van Bijnen
et al., 2011]. Other studies could aim at spatially resolving individual dark-state
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(a’) without coupling (€2 = 0) (b) with coupling (€. # 0)

Figure 7.1: Interaction enhanced imaging of individual Rydberg atoms in a dense
gas. Simulated absorption images of atom distributions including photon shot noise and
atomic density fluctuations. In (a), without the coupling beam, a regular absorption
image of the bath atoms is obtained. The color code indicates absorption. With the
coupling on (b) the bath atoms are rendered transparent, except for those in the vicinity

of a Rydberg atom.

polaritons propagating through the EIT medium and to directly reveal the nonlocal
character of the dissipative polariton interactions. The technique is also sensitive
to ionic impurities, since local Stark shifts can likewise disrupt the EIT condition
for the bath atoms. This way it could serve as a powerful tool to image ionic cor-
relations in ultracold plasmas, which would be an unmistakable signature for the
strongly coupled plasma phase.

Ultimately, the ability to exploit Rydberg-Rydberg interactions to control both
light and atomic fields, and to image the resulting new quantum phases will open a

new chapter of Rydberg physics with many new and intriguing possibilities.
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